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The  Vulnerability  Model  (VM)  is  a computerised  simulation  system  for 
assessing  damage  that  results  from  marine  spills  of  hazardous  materials; 
the  final  report,  summarized  here,  describes  the  research  background, 
computational  techniques,  and  preliminary  test  results  associated  with 
the  first  stage  of  development  of  the  VM.  This  first  stage  of  model 
development  consisted  of  the  design  and  implementation  of  an  operational 
computer  simulation,  thereby  demonstrating  the  feasibility  of  the  philoso- 
phy, concepts,  and  approaches  pertaining  to  the  VM.  Certain  aspects  of 
the  modeling,  as  now  operational,  are  subject  to  enhancement  by  augmenta- 
tion, Increase  in  precision,  or  both.  Ultimately,  the  model  is  intended 
to  be  a comprehensive  tool  for  assessing  damage  resulting  from  marine 
spills.  The  research  and  development  effort  reported  here  was  performed 
under  Department  of  Transportation  United  States  Coast  Guard  Contract 
number  DOT-CG-33377-A.  The  entire  documentation  for  the  effort  has  five 
levels  of  reporting  detail:  (1)  this  executive  summary  presents  a non- 
technical overview  of  the  VM  purpose,  structure,  and  operation,  briefly 
describes  methods  of  damage  assessment.  Indicates  the  research  background 
supporting  the  VM,  and  summarizes  preliminary  test  results;  (2)  the  main 
body  of  the  final  report  provides  the  technical  aspects  of  the  VM  structure, 
development,  and  use;  (3)  to  allow  a smooth  flow  to  the  presentation  in 
the  main  report,  more  detailed  information,  such  as  involved  mathematical 
derivations,  complex  flow  charts,  and  case-history  details,  is  relegated 
to  the  several  appendixes;  (a)  a user's  guide  is  provided  as  a separate 
document  giving  the  details  of  the  computer  programming  and  the  operation 
of  the  VM;  (5)  finally  the  Coast  Guard  has  been  issued  the  computer  tapes 
and  card  decks  required  to  set  up  and  run  the  VM. 

In  recent  years,  industrial  expansion,  new  technologies,  and  a 
centralization  of  chemical  production  have  led  to  increased  bulk  trans- 
port of  hazardous  chemicals  on  U.  S.  waters.  Steadily  Increasing  trans- 
port of  fuels,  both  conventional  and  nuclear,  is  required  to  meet  the 
demands  of  the  current  energy  crisis.  An  increase  in  the  quantity  and 
variety  of  hazardous  chemicals  tran'ported  in  bulk  is  required  to  meet 
the  demands  of  a U.  S.  chemical  Industry  that  is  expanding  at  a rate  many 
times  that  of  population  growth  (SI], 

To  address  the  problems  posed  by  the  increase  in  transport  of  hazardous 
materials,  the  U.  S.  Congress  has  passed  the  Ports  and  Waterways  Safety  Act 
of  1972  that  charges  the  U.  S.  Coast  Guard  with  providing  for  the  safety 
of  "ports,  harbors,  waterfront  areas,  and  navigable  waterways  of  the  United 
States."  To  discharge  these  duties  related  to  safety,  the  U.  S.  Coast 


(SI]  Luckritz,  R.T.  Hazardous  materials  spill  prevention  in  the  bulk 
marine  carriage  of  dangerous  cargoes,  pp.  18-24.  _I_n  Control  of 
Hazardous  Material  Spills,  Proceedings  of  the  1974  National  Con- 
ference on  Control  of  Hazardous  Material  Spills.  Am.  Inst.  Chem 
Eng.,  New  York,  1974. 
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Guard  engages  in  such  facets  of  spill  control  as  prevention  containment 
operations,  cleanup,  and  restoration.  Although  the  response  activities, 
such  as  containment,  receive  such  publicity,  the  most  productive  spill 
control  measure  appears  to  be  prevention,  since  spills  of  hazardous 
materials  are  difficult  to  detect,  contain,  control,  or  mitlgato,  and 
the  damage  caused  by  such  spills  is  difficult  to  reverse.  In  order  to 
assure  the  safety  of  marine  transport  by  spill  prevention,  the  Coast 
Guard  is  authorized  to  regulate  the  movement  of  bulk  cargoes  and  the  design 
and  operation  of  vessels  carrying  them.  The  prevention  of  all  accidental 
spills,  however,  appears  unrealistic,  because  the  only  known  way  to  pre- 
clude accidents  entirely  is  to  abstain  from  the  activity  giving  rise  to 
them. 


Since  cessation  of  marine  transportation  is  Impractical,  some  risk  is 
unavoidable  due  to  the  threats  posed  by  mechanical  failure,  by  unusual 
environmental  conditions  (severe  storm,  tidal  wave),  and  by  human  falli- 
bility. Although  the  risk  cannot  be  completely  eliminated,  appropriate 
regulations  can  reduce  risk.  However,  substantial  Increases  in  safety 
rarely  come  cheaply.  The  reduction  in  risk  attributable  to  any  regulation 
must  be  weighed  against  the  increased  operation  costs  or  capital  expendi- 
tures such  regulation  requires.  The  need  to  perform  cost-benefit  analyses 
of  Coast  Cuard  actions  has  led  to  a research  and  development  program  to 
establish  a Risk  Management  System.  The  VM  is  an  important  component  of 
this  system. 

Background  of  Risk  Management  System  (S21 

Development  of  the  Risk  Management  System  began  in  the  spring  of  1971. 
It  involves  analytic  development  in  three  separate  fields: 

• Spill-Risk  Analysis  (Spill  Analysis)  - assessment  of  risks  that 

a vessel  or  facility  spill  will  occur  and  assessment  of  the  effec- 
tiveness of  sp ill  prevention  regulations 

• Vulnerability  Analysis  (Public  Damage  Assessment)  - assessment  of 
the  threats  to  people,  property,  and  the  environment  due  to  spi’ls 
from  a vessel  or  marine  facility 

• System  Cost  Analysis  (Economic  Impact)  - assessment  of  the  cost 
impacts  on  the  government  and  consumers  of  implementing  alterna- 
tive regulatory  actions  for  spill  prevention 

Figure  S.l  depicts  a systems  approach  to  risk  management  which  is  the 
goal  of  the  Risk  Management  System.  When  fully  developed,  this  methodology 
will  be  applicable,  both  to  nationwide  regulation  and  to  special  circum- 
stances within  local  port  or  waterway  areas,  for  assessing  the  costs  and 
benefits  expected  from  regulatory  changes  within  those  areas. 


(S2)  Dunn,  W.A.,  and  P.M.  Tullier.  Spill  Risk  Analysis  Program.  Phase  11. 
Methodology  Development  and  Demonstration.  Operations  Research,  Inc., 
Sliver  Spring,  Md.,  August  1974.  IJSCC  Report  No.  CC-D-15-75  (NTIS  AD 
785026) . 
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COAST  SUMO  ACTIONS 


FIGURE  5.1 . RISK  WMAGEHENT  - THE  SYSTEMS  APPROACH 


Goal  of  This  Effort 


The  use  of  deterministic  models  for  ••seating  damage  to  vulnerable 
resources  is  not  • new  idea.  Such  modeling  efforts  have  been  used  exten- 
sively for  many  years  in  the  areas  of  civil  defense  (especially  nuclear 
weapon  attack  assessments)  and  war  gaming.  What  is  new,  however,  la  the 
use  of  these  techniques  to  assess  damages  resulting  from  spills  of  cargoes 
carried  in  marine  transport.  Such  modeling  efforts  can  provide  the  Coast 
Guard  with  valuable  information  on  which  it  can  base  its  regulatory  deci- 
sions. Thus,  this  research  represents  an  effort  to  develop  and  to  demon- 
strate the  utility  of  techniques  specifically  designed  to  support  regulatory 
decision-making. 

A secondary  use  of  considerable  import  is  to  assist  in  the  planning  and 
selection  of  response  actions.  A further  benefit  in  obtaining  a workable 
model  at  this  stage  of  development  is  in  identifying  those  areas  of  modeling 
must  critical  in  obtaining  Accurate  hazard  assessments. 

Limitations  on  the  Scope  of  This  Effort 

A main  consideration  in  developing  a damage  assessment  tool  has  been 
to  establish  a workable  model  within  a framework  flexible  enough  to  allow 
for  future  model  enhancements.  The  approach  taken  was  to  simulate  the  spill 
through  a series  of  separate  submodels,  many  of  which  had  previously  been 
developed  for  the  Coast  Guard.  In  modeling  complex  physical  processes,  it 
has  been  necessary  to  make  simplifying  assumptions.  A conservative  design 
philosophy  guided  the  development  of  models  used  in  the  VM;  consequently, 
whenever  alternate  approximations  were  available,  the  approximations  were 
chosen  so  that  the  VM  does  not  underestimate  damage.  The  approximations 
made  in  model  development  are  recognized,  but  the  modularized  structure  of 
the  VM  facilitat  -s  the  insertion  of  additional  and  improved  models  as  they 
become  available. 

In  order  to  obtain  a complete  working  damage  assessment  model  within 
the  time  and  resources  allocated  and  to  make  maximum  possible  use  of  previous 
model  development  work,  the  scope  of  this  effort  was  limited.  Some  of  the 
more  important  limitations  are  as  follows. 

• The  portion  of  the  population  indoors  is  considered  to  be  sheltered; 
no  damage  is  assessed  to  the  indoor  populace.  Further,  it  was 
assumed  that  fifty  percent  of  the  subject  population  was  indoors.* 

• Census  data  were  used  to  determine  the  location  of  the  vulnerable 
population;  since  census  data  primarily  deal  with  the  location  of 
the  residence  of  people,  no  modeling  was  effected  to  deal  with  the 
movement  of  people  from  home  to  work,  to  school,  to  recreational 
areas,  or  to  other  nonresidential  locations. 

a Most  of  the  physicochemical  models  consider  that  only  a single 
process  occurs  at  one  time,  so  that  separate  physical  events 
occurring  simultaneously  are  modeled  as  a sequence  of  separate 
events;  for  example,  the  VM  models  spilling,  spreading,  and  burning 
as  separate  events,  each  terminating  before  the  next  can  begin, 
even  though  these  events  can  and  do  occur  simultaneouoly . 

Actually,  80-85  % of  the  population  is  normally  indoors,  but  damage 
to  the  indoor  population  is  not  modeled  in  this  first  stage  of  the  VM. 
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• Explosion  of  an  unconfined  vapor  cloud  is  partially  determined  by 
a user  input  option  and  partially  determined  by  the  simulated 
characteristics  of  the  vapor  cloud;  since  the  decision  to  simulate 
an  explosion  is  not  entirely  based  on  physical  principles,  it  may 
properly  be  argued  that  the  VM  will  simulate  an  explosion  when,  in 
fact,  none  could  occur. 

e Damage  to  the  environment  is  not  currently  assessed;  however  the 
concentration  of  hatardous  material  m air  and  water  is  computed, 
so  that  the  user  may  estimate  environmental  consequences  at  his 
option. 

e Test  runs  were  performed  only  for  five  cargoes. 

e Only  Inhalation  toxicity  was  treated;  injury  by  ingestion  of  toxic 
materials  was  not  assessed. 

e Secondary  damage  mechanisms,  such  as  ignition  of  expecially  hazar- 
dous establishments  (e.g. , refineries),  were  not  treated;  only  the 
direct  consequences  of  the  spill  were  simulated. 

e Response  actions  (e.g.,  spill  containment,  population  evacuation, 
and  fire  fighting)  were  not  considered. 

• Spills  of  solids  and  reacting  chemicals  were  not  considered. 

• Underwater  releases  were  not  considered. 

• Explosion  damage  to  structures  1b  assessed  on  the  assumption  that 
the  structures  affected  are  framed  with  wood  members. 

This  listing  of  constraints  on  the  development  of  the  VM  to  its  current 
state  is  not  intended  to  discredit  the  VM.  Rather  this  information  is 
provided  to  help  define  Just  what  type  of  results  might  reasonably  be 
expected  from  the  VM  at  this  time.  Although  the  VM  has  several  Important 
limitations,  it  is  believed  that,  as  it  now  stands,  the  VM  is  a useful 
cool  for  the  risk  analysis  of  marine  spills;  with  further  development  and 
improvement,  the  VM  should  be  able  to  provide  even  more  utility  and  Insight 
to  the  considerations  of  this  important  problem. 

Major  Accomplishment 

The  major  accomplishment  of  this  effort  has  been  the  demonstration  that 
the  concept  of  the  VM  is  suitable  for  implementation  as  a functioning  tool 
for  use  in  risk  analysis.  It  has  been  demonstrated  that  all  of  the  building 
blocks  required  for  a vulnerability  analysis,  viz.,  the  data  bases  describing 
the  vulnerable  resources  and  physical  setting  of  the  spill,  the  predictive 
models  describing  spill  development,  and  the  predictive  models  describing 
damage  to  the  vulnerable  resources,  are  either  currently  available  or  can 
be  obtained.  Exercise  of  the  VM  for  five  hazardous  cargoes  of  particular 
interest,  for  a variety  of  spill  sizes,  and  for  various  environmental 
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conditions  has  yielded  damage  estimates  that  are  judgementally  credible 
within  the  input  assumptions  and  apparently  consistent  with  observations 
of  actual  accidental  spills.  (However,  the  amount  of  available 
quantitative  information  concerned  with  damage  resulting  from  accidental 
spills  of  hazardous  materials  is  small.) 

Application  of  the  VM 

The  VM  is  a damage  assessment  tool.  Given  a spill  scenario  by  the 
user,  that  is,  given  the  characteristics  of  the  spill  and  the  physical 
setting  in  which  the  spill  occurs,  the  VM  simulates  the  physicochemical 
transformations  of  the  spilled  material  and  estimates  the  damages  Inflicted 
on  vulnerable  resources  by  these  processes.  The  VM  addresses  such  questions 
as:  If  X tons  of  substance  Y wti*e  spilled  st  location  Z with  the  wind 

blowing  due  north,  etc.,  how  many  people  might  be  killed  or  injured?  How 
many  structures  will  be  damaged?  How  much  water  and  air  pollution  will 
occur  and  where?  The  VM  is  a deterministic  model;  that  is,  the  probability 
of  occurrence  of  the  various  events  comprising  the  spill  scenario  is  not 
considered.  Instead  the  scenario  specified  by  the  user  leads  invariably 
to  a particular  spill  development  and  damage  estimate.  Other  ongoing 
elements  of  the  USCG  Risk  Analysis  Research  Program  are  concerned  with 
the  definition  of  changes  in  the  probabilities  of  events  comprising  the 
spill  scenario  as  a function  of  changes  in  regulatory  and  operational  con- 
trols. The  probability  changes,  combined  with  VM  damage  estimates,  will 
be  used  to  determine  the  risk  reduction  benefit  of  certain  types  of  Coast 
Guard  safety  actions. 

Limitations  on  Use  of  the  Results  Derived  from  the  VM 


There  is  a danger  that  the  preliminary  results  obtained  from  the  VM 
might  be  misinterpreted,  so  care  must  be  exercised  in  considerations  of 
these  results.  One  point  that  must  always  be  borne  in  mind  is  that  the 
VM  is  entirely  deterministic. 

The  damage  assessed  by  the  model  is  predicated  on  a set  of  circumstances 
(input  conditions)  chosen  by  the  user.  The  probability  that  such  a set  of 
conditions  exists  is  not  considered  by  the  VM.  The  likelihood  of  a spill  is 
small;  this  small  probability  combined  with  the  probabilities  of  all  of  the 
other  conditions  yields  a small  overall  probability  that  any  given  scenario 
actually  occurs.  Thus,  although  the  consequences  of  some  simulations  are 
quite  dire,  the  risk  (the  mathematical  expectation)  is  small;  large  losses 
from  rare  events  do  not  necessarily  indicate  a high  risk  activity. 

Because  the  VM  is  completely  deterministic  and  because  no  assessment 
is  made  of  the  likelihood  of  a user-chosen  scenario,  considerable  judgment 
and  experience  are  required  to  avoid  unreasonable  (even  impossible)  input 
conditions.  For  example,  it  is  possible  to  simulate  very  large  spills,  even 
though  no  vessel  in  existence  is  large  enough  to  carry  that  much  cargo. 

Another  illustration  of  possible  misuse  of  the  VM  is  that  the  user  may 
specify  a large  spill  at  a given  site,  even  though  ships  capable  of  carrying 
that  large  a cargo  as  a single  load  cannot  navigate  the  waters  required  to 
reach  that  spill  site.  It  must  also  be  acknowledged,  when  interpreting 
results,  that  the  VM  ia  in  its  first  stage  of  development.  Spills  have 
been  simulated  for  only  five  liquids.  Solids,  reacting  substances,  secondary 
damage  mechanisms,  damage  to  indoor  (sheltered)  populations,  etc.,  have  not 
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been  modeled.  Although  such  omissions  do  not  automatically  mean  the 
results  are  Incorrect,  evaluation  of  results  in  a general  context  is  not 
possible  without  further  model  development.  Finally,  Interpretation  of 
the  results  should  be  tempered  with  the  knowledge  that  the  VM  alone  cannot 
determine  the  risk  of  marine  transport  in  comparison  to  other  forms  of 
bulk  transport  or  even  other  human  activity  involving  risk. 

Overview  of  the  VM 


1.  9cope 

The  VM  is  a computer  simulation  designed  to  provide  quantitative 
measures  of  the  consequences  of  marine  spills  of  hazardous  materials.  The 
simulation  starts  with  a description  of  the  nature  of  the  spill  Itself, 
continues  through  the  dispersion  of  the  hazardous  material,  and  ultimately 
includes  assessment  of  the  immediate  effects  of  the  spill  on  surrounding 
vulnerable  resources,  namely,  people,  property,  and  the  environment. 

The  model  is  designed  so  that  it  may  ultimately  treat  any  type  of 
material  carried  in  bulk  quantities  in  marine  transportation.  These 
materials  may  exist  in  gas,  liquid,  or  solid  phase  as  cargoes  and  may 
change  phase  upon  release  into  the  air  or  water  environment.  The  materials 
may  react,  dissolve,  or  otherwise  be  admixed  with  surrounding  air  and  water. 
Where  appropriate,  the  model  treats  the  mass  transfer  from  a material 
spilled  in  or  on  the  water  to  the  air.  The  logical  sequencing  in  the  VM 
has  been  designed  so  that  the  VM  can  treat  virtually  all  of  the  large  class 
of  materials  carried  in  bulk  in  marine  transport;  however,  the  computational 
submodels  are  not  available  now  to  describe  the  behavior  of  all  of  these 
materials  when  spilled.  With  the  submodels  that  are  operational,  the  VM 
is  able  to  treat  spills  of  many  liquids  and  gases  carried  in  bulk  quanti- 
ties. Many  cargoes  of  particular  hazard  are  carried  as  bulk  liquids  which 
can  currently  be  treated  by  the  VM  at  this  first  stage  of  development.  At 
present,  the  VM  has  been  exercised  for  only  five  cargoes. 

2.  Simulation  Scenario 


The  simulation  requires  three  types  of  descriptive  data  that  define: 

(1)  the  spill,  (2)  the  physical  setting  in  which  the  spill  occurs,  and 
(3)  the  vulnerable  resources  that  are  subject  to  the  effects  of  the  spill. 
The  spill  is  described  in  terms  of  its  location  and  spill  rate,  the  physical 
and  chemical  properties  of  the  spilled  material,  and  the  quantity  of  the 
spill.  The  physical  setting  is  described  in  terms  of  the  geometric  con- 
figuration of  the  8horeline(s) , hydrologic/oceanographic  properties,  and 
meteorological  data.  Vulnerable  resources  are  described  in  terms  of 
demographic  distribution,  property  distribution,  and  land/water  use. 

The  geographic  area  of  concern  may  represent  any  user-defined  location, 
a rectangular  area  measuring  ten  miles  in  length  and  five  miles  in  width 
being  typical  of  anticipated  applications.  The  physical  setting  and  the 
distribution  of  vulnerable  resources  are  described  in  terms  of  mutually 
exclusive  geographic  cells  that  cover  the  entire  area  of  concern. 
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3.  Submodels 


The  VM  consists  of  submodels  interconnected  by  an  executive  routine, 
with  built-in  logic  dictating  the  sequence  of  submodel  processing  as  a 
function  of  the  spill  development.  Among  these  submodels  are  simulations 
of  surface  spreading,  water  mixing,  air  dispersion,  conflagration  and 
explosion,  and  submodels  for  assessing  the  effects  from  the  dissemination 
of  the  hazardous  material  on  vulnerable  resources.  Some  of  the  submodels 
had  been  designed  previously  under  U.  S.  Coast  Guard  sponsorship  as  part 
of  theCHRIS  (Chemical  Hazard  Response  Information  System) [S3]  model 
development.  Others  were  designed  specifically  for  the  VM.  A generalized 
flow  diagram  of  the  model  is  presented  in  Figure  S.2  and  a more  detailed 
description  follows. 

4.  Operational  Phases 

The  VM  operates  in  two  phases.  Phase  I simulates  the  spill  itself, 
the  physical  and  chemical  transformations  of  the  spilled  substance  and 
its  dissemination  in  space.  This  phase  covers  the  time  period  from  the 
initiation  of  the  spill  until  a user-specified  time  has  elapsed.  The 
time  interval  between  simulation  calculations  is  specified  by  the  user 
but  may  be  overridden  by  certain  submodels  (such  as  the  explosion  sub- 
model) . A time-history  file  of  the  spill  sequence  simulated  during  the 
first  phase  is  retained  in  some  form  of  computer  storage  such  as  magnetic 
tape  or  disc. 

In  Phase  II,  the  computer  first  superimposes  this  time-history  file 
upon  the  vulnerable  resources  map  and  then  assesses  the  effects  of  toxicity, 
explosion,  and/or  fire  on  the  vulnerable  resources  as  a function  of  time. 
Estimates  of  deaths  and  nonlethal  injuries  to  people  and  of  damage  to 
property  are  presented  in  cables. 

5 . Current  Status  of  Development 

At  present  the  VM  is  in  a first  stage  of  development.  It  has  been 
demonstrated  that  an  actual  working  model  is  capable  of  carrying  on  a 
simulation  from  the  specification  of  cargo  and  spill  conditions  through  to 
the  assessment  of  damages  to  vulnerable  resources.  The  quantitative  results 
of  the  simulation  appear  to  correlate  with  the  picture  of  events  given  both 
by  expert  judgment  and  by  historical  records  of  accidental  spills.  This 
correlation  is  obtained  even  though  it  is  recognized  that  some  of  the 
modeling,  by  necessity,  is  not  at  the  highest  level  of  sophistication. 
Furthermore,  the  cost  of  a given  simulation  has  been  kept  within  reasonable 
bounds.  Likewise  the  cost  of  data  preparation  required  by  the  VM  is  not 
excessive.  Interpretation  of  output  requires  a knowledge  of  the  basis 
(not  the  technical  details)  of  the  modeling  methods  used  and  the  ability 
to  judge  the  suitability  of  arbitrary  user  inputs.  Once  the  proper  use 


[S3]  Raj,  P.P.K.,  and  A.S.  Kalelkar.  Assessment  Models  in  Support  of  the 

Hazard  Assessment  Handbook.  Arthur  D.  Little,  Inc.,  Cambridge,  Mass., 
January  1974.  USCG  Report  No.  CG-D-65-74  (NTIS  AD  776617). 
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of  the  VM  is  learned,  there  is  virtually  no  cost  involved  in  output  inter- 
pretation, since  the  computer  results  are  presented  in  an  easy-to-understand, 
user-oriented  way. 

Phase  I Submodels 


This  section  describes  those  submodels  that  are  presently  Included  in 
Phase  1 of  the  VM.  Because  the  air  dispersion  submodel  which  was  originally 
part  of  HACS*  [S4]  has  been  extensively  revised,  and  because  the  fire  and 
explosion  submodels  were  developed  almost  entirely  in  this  program,  these 
submodels  are  discussed  in  greater  detail  than  other  Phase  I submodels. 

Some  of  these  other  Phase  I submodels,  which  were  developed  previously 
under  USCG  sponsorship,  were  modified  somewhat  for  inclusion  in  the  VM. 

The  submodels  used  in  the  VM  treat  the  physicochemical  processes 
affecting  the  spilled  hazardous  material;  at  the  present  time,  the  processes 
simulated  by  the  VM  may  be  classified  as  follows: 

1.  Cargo  venting 

2.  Spill  development 

3.  Air  dispersion 

4.  Combustion  (fire  and  explosion) 

For  certain  of  these  processes  different  submodels  are  used,  depending  upon 
the  nature  of  the  spilled  substance.  Other  processes,  such  as  fire  and 
explosion,  consist  of  a sequence  of  dissimilar  events,  so  the  computer 
simulation  consists  of  a sequence  of  submodels.  The  operational  sequence 
of  these  various  submodels  is  shown  in  Figure  S.3. 

The  Phase  I submodels  for  various  physical  and  chemical  processes 
treated  by  the  VM  are  connected  by  an  executive  and  storage  routine.  The 
sequence  of  processing  depends  upon  the  cargo  and  the  development  of  the 
situation.  The  first  submodel  used  is  always  the  tank  venting  submodel, 
which  calculates  the  rate  of  escape  of  the  cargo  in  both  gas  and  liquid 
phases  as  a function  of  initial  tank  conditions  and  the  9ize  and  location 
of  the  /ent  or  rupture.  If  only  gas  is  vented,  the  simulation  will  pass 
directly  to  the  air  dispersion  submodel  from  the  venting  submodel.  If  the 
cargo  is  vented  as  a liquid,  it  may  remain  in  that  phase  or  it  may  change 
to  gas  phase.  If  the  cargo  does  change  to  a gas,  some  of  it  may  flash 
directly  to  a gas  when  the  tank  pressure  is  released,  but  in  most  cases  the 
bulk  of  the  gas  will  be  released  more  slowly  by  evaporation  or  boiling. 

For  many  liquid  spills,  a pool  of  the  cargo  will  form  on  the  surface 
of  the  water,  but  a cargo  with  a liquid-phase  density  greater  than  that  of 


* Hazard  Assessment  Computer  System 

[S4]  Hazard  Assessment  Computer  System  (HACS)  User  Manual.  Arthur  D. 
Little,  Inc.,  Cambridge,  Mass.,  December  1974. 
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water  will  sink  at  once.  At  present  there  are  five  submodels  for  treating 
a spilled  liquid: 

1.  Spreading  and  evaporation  of  an  immiscible,  floating,  cryogenic 
liquid 

2.  Spreading  and  evaporation  of  an  imniscible,  floating  liquid  with 
high  vapor  pressure 

3.  Sinking  and  boiling  of  an  immiscible  liquid 

4.  Mixing,  advection,  and  dilution  of  a miscible  liquid  in  a tidal 
river,  nontidal  river,  or  still  water 

5.  Mixing,  dilution,  and  evaporation  of  a miscible  liquid  with  high 
vapor  pressure 

Of  course  there  are  possibilities  other  than  these  five,  but  these  five  do 
cover  a large  number  of  hazardous  cargoes  frequently  carried  in  bulk  quan- 
tities. Liquefied  natural  gas,  for  example,  is  treated  by  the  first  sub- 
model, gasoline  by  the  second,  and  liquid  chlorine  by  the  third.  The 
fourth  submodel  does  not  give  an  escape  of  gas  to  the  atmosphere,  so  the 
simulation  may  stop  with  the  calculation  of  the  cargo  concentration  In  the 
water  or  the  simulation  may  proceed  to  calculate  evaporation.  The  other 
submodels  give  a rate  and  duration  for  the  gas  evolution,  and  the  simulation 
proceeds  to  the  air  dispersion  model. 

Air  Dispersion 


This  submodel  calculates  the  concentration  of  the  cargo  in  gas  phase 
in  the  air  from  the  time  the  gas  is  released  into  the  atmosphere  until  a 
fire  or  explosion  occurs  or  until  the  maximum  time  stipulated  for  the 
simulation  is  reached. 

The  submodel  is  based  on  the  Gaussian  distribution,  which  is  a theo- 
retical solution  to  the  partial  differential  equation  governing  diffusion. 
The  dispersion  coefficients  used  in  the  Gaussian  distribution  arc  obtained 
from  the  analysis  of  many  observations  of  plumes  from  tall  stacks  and  of 
puf f 8 of  smoke  or  some  other  tracer.  Plumes  result  from  continuous  releases, 
whereas  puffs  result  from  instantaneous  releases.  Puffs  are  three-dimen- 
sional Gaussian  distributions  in  which  the  dispersion  coefficients  depend 
upon  the  distance  traveled  by  the  puff  center-of-mass.  The  plume  is  a two- 
dimensional  Gaussian  distribution  in  which  the  dispersion  coefficients 
depend  upon  the  distance  downwind  from  the  source  to  the  observation  point. 
The  value?  of  dispersion  coefficients  obtained  from  experimental  observa- 
tions are  parameterized  on  the  basis  of  the  atmospheric  stability  or  the 
turbulence  class. 

At  present,  the  submodel  will  select  the  plume  (continuous  source 
Gaussian  distribution)  if  the  release  time  of  the  spilled  material  into  Che 
air  is  relatively  long;  for  short  release  times,  the  puff  (instantaneous 
source  Gaussian  distribution)  is  selected.  Since  there  is  no  model  extant 
that  adequately  treats  spills  with  intermediate  release  times,  either  a puff 
or  plume  model  is  used  until  more  adequate  models  are  available.  Because 
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the  Gaussian  models  were  based  on  data  gathered  from  dilute  plumes  and 
puffs,  their  use  for  very  concentrated  cases,  as  In  the  VM,  Is  an  extra- 
polation. When  the  puff  model  Is  used  close  to  a very  large  spill  of 
material  which  vaporises  quickly,  the  standard  Gaussian  model  gives  con- 
centrations which  are  higher  than  the  density  of  pure  cargo  vapor  at 
ambient  atmospheric  temperature  and  pressure.  The  puff  model  has  been 
modified  to  preclude  this  by  allowing  a region  of  pure  cargo  vapor  sur- 
rounded by  a region  where  the  concentration  decreases  in  the  Gaussian 
fashion.  The  pure  cargo  vapor  concentration  is  at  the  proper  density 
for  ambient  conditions.  This  modified  distribution  is  used  only  when  the 
regular  puff  model  would  give  unrealistically  high  concentrations. 

Fire  and  Explosion 

This  group  of  submodels  determines  whether  a flammable  cargo  will  be 
ignited  and  then  determines  the  physical  characteristics  of  the  resulting 
combustion  (fire,  explosion,  or  both).  Four  types  of  fire  and  explosion 
phenomena  are  modeled  in  this  section  of  the  VM;  they  are: 

1.  Ignition 

2.  Explosion 

3.  Flash  fire 

4.  Pool  burning 

The  modeling  of  the  phenomena  of  fire  and  explosion  proceeds  in  three 
temporal  phases.  First  the  decision  of  whether,  when,  and  where  ignition 
occurs  is  made.  Subsequent  to  ignition  either  an  explosion  or  a flash 
fire  is  modeled.  Following  either  of  these  events,  the  burning  of  flammable 
liquid  on  the  water  surface,  if  any  liquid  remains,  is  modeled;  currently, 
burning  from  a vessel  venting  flammable  fuel  is  not  modeled. 

The  Ignition  submodel  determines  whether  ignition  occurs,  which  ignition 
source  originates  the  ignition,  and  at  what  time  during  the  simulation 
the  ignition  takes  place.  All  ignition  sources  are  assumed  to  be  located 
at  the  grid  cell  centers.  The  user  predetermines  whether  a given  ignition 
source  will  cause  fire  or  explosion.  The  user  also  specifies  the  strength 
of  the  ignition  source.  Since  combustion  will  occur  only  over  a certain 
range  of  fuel-air  ratios,  the  decision  that  combustion  occurs  will  be  made 
only  if  the  vapor  concentration  in  a given  cell  is  within  the  flammability 
limits  for  the  substance  under  consideration  and  the  given  cell  contains 
an  ignition  source  of  strength  sufficient  to  ignite  the  spilled  substance. 

The  explosion  submodel  calculates  the  peak  overpressure  and  the  dynamic 
Impulse  generated  by  the  explosion  of  a flammable  fuel-sir  (cargo-air)  mix- 
ture. In  addition  to  these  variables  that  are  required  for  damage  assessment, 
the  explosive  yield  and  TNT  equivalent  are  also  determined.  The  well-known 
scaling  laws  for  condensed  phase  explosions  are  assumed  to  hold.  Only  that 
portion  of  the  fuel-air  mixture  with  a concentration  between  the  explosive 
limits  is  permitted  to  contribute  to  the  explosive  yield.  For  that  part  of 
the  fuel-air  mixture  richer  than  stoichiometric,  but  leaner  than  the  upper- 
explosive-limit  concentration,  only  that  fraction  of  fuel  for  which  there  is 
sufficient  oxygen  for  complete  burning  contributes  to  the  explosive  yield. 
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The  fleeh  fire  submodel  calculates  the  effective  radiation  Intensity 
level  and  the  effective  radiation  duration  resulting  from  the  flash  fire. 

The  flash  fire  Is  considered  to  be  the  rapid  combustion  without  detonation 
of  the  premlxed  fuel-air  layer  within  the  flammable  concentration  limits. 

The  heat  generated  essentially  instantaneously  by  combustion  is  assumed 
to  be  lost  from  the  combustion  layer  entirely  by  radiation;  thus  the  radia- 
tion loss  as  a function  of  time  may  be  calculated.  The  time  varying 
radiation  level  is  represented  by  a fixed  radiation  level  (the  effective 
radiation  level)  and  an  effective  duration.  This  submodel  assumes  that 
only  that  portion  of  the  fuel-air  mixture  within  the  flammable  limits  burns 
and  then  only  to  the  extent  permitted  by  the  local  oxygen  concentration. 

The  radiation  from  the  flash  fire  is  assumed  to  affect  only  those  portions 
of  space  inside  the  burning  layer. 

The  pool  burning  submodel  calculates  the  duration  and  magnitude  of 
thermal  radiation  emitted  by  a burning  pool  of  flanmable  cargo;  the  radia- 
tion level  is  calculated  for  any  desired  point  in  space.  This  submodel 
is  comprised  of  several  other  submodels: 

1.  Flame  size 

2.  Thermal  radiation  from  flames 

3.  Radiation  view  factor  between  an  inclined  cylindrical  flame  and 
an  arbitrarily  relented  surface  in  space 

4.  Burning  time 

The  flame  size  submodel  calculates  the  height,  diameter,  and  angle  of 
inclination  of  a flame  from  a burning  pool;  the  wind  bloving  across  the 
pool  surface  causes  the  flame  to  be  Inclined  with  respect  to  the  normal 
to  the  pool  surface.  The  formulas  used  to  calculate  flame  height,  diameter, 
and  inclination  angle  are  empirical  expressions  obtained  by  curve  fitting 
experimental  laboratory  data  and  extrapolating  to  the  larger  scale  occur- 
rences possibly  resulting  from  marine  spills  of  hazardous  materials. 

The  thermal  radiation  from  flames  submodel  calculates  the  radiant 
heat  flux  incident  on  a receptor  at  some  distance  from  a burning  pool.  The 
flame  from  the  burning  pool  is  modeled  as  a cylindrical  radiator  of  uniform 
temperature;  this  constitutes  ti  3 major  assumption  of  this  submodel.  The 
cylindrical  radiator  is  allowed  to  be  inclined  with  respect  to  the  vertical. 

The  atmospheric  transmissivity  and  flame  emissivity  are  assumed  to  be  one, 
l.e.,  the  atmosphere  is  not  allowed  to  absorb  radiant  energy  and  the  flame 
is  treated  as  an  ideal  black  body  radiator. 

The  radiation  view  factor  between  an  Inclined  flame  and  an  arbitrarily 
oriented  surface  in  space  submodel  calculates,  on  a normalized  basis,  the 
view  factor  between  a cylindrical,  inclined  flame  and  a receptor;  the  3 

receptor  is  assumed  to  be  oriented  with  respect  to  the  flame  so  that  it  | 

receives  the  maximum  possible  radiation  flux.  The  view  factor  is  a purely  j 

geometrical  property  of  the  spatial  arrangement  of  the  flame  and  receptor.  j 

Thus  no  physical  assumptions,  except  those  basic  to  radiant  heat  transfer,  ! 

are  required  by  this  model.  i 

1 

The  burning  time  submodel  calculates  the  length  of  time  the  pool  will 
continue  to  burn  after  it  is  ignited.  It  is  assumed  that  the  pool  is 
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extinguished  when  ell  of  the  fuel  remaining  In  the  pool  at  the  time  of 
Ignition  la  burned  up.  It  Is  further  assumed  that  fuel  leaves  the  pool 
only  by  burning  but  not  by  evaporation  or  by  water  mixing.  It  Is  also 
assumed  that  spreading  stops  when  Ignition  occurs;  although  spreading  will 
not  cease  entirely  after  Ignition,  the  spreading  rate  will  certainly  be 
reduced  because  mass  is  being  lost  by  combustion. 

After  the  spill  development  Is  simulated  and  the  results  are  stored 
by  grid  cell  and  time  Interval,  these  data  along  with  the  information 
describing  the  vulnerable  resources  are  used  to  assess  the  damage  which 
may  result. 

Phase  II  - Damage  Assessment 

As  It  currently  stands,  the  VM  models  damage  to  vulnerable  resources 
from  four  physical  events: 

1.  Air  dispersion  of  a toxic  gas 

2.  Explosion 

3.  Flash  fire 

4.  Pool  burning 

Damage  to  vulnerable  resources  Is  convi  ontly  discussed  in  terms  of 
(1)  toxic  Injury,  (2)  explosion  damage,  and  (3)  fire  damage.  The  assess- 
ment algorithms  for  toxic  damage  are  highly  dependent  on  the  type  of 
substance  spilled;  whereas  the  assessment  algorithms  for  fire  and  explosion 
are  independent  of  the  type  of  substance  spilled,  though  the  values  of 
the  variables  used  in  the  algorithm  do  depend  on  the  type  of  substance 
spilled. 

The  vulnerable  resource  "people"  may  be  affected  by  inhalation  of 
toxic  vapor,  by  thermal  radiation  from  a flash  fire,  and  by  peak  overpressure 
or  impulse  from  an  explosion  or  by  some  combination  of  these.  The  vulnerable 
resource  "structures"  may  be  affected  by  thermal  radiation  from  a flash 
fire  or  burning  pool  and  by  peak  overpressure  or  Impulse  from  an  explosion. 
The  vulnerable  resource  "environment",  defined  as  air  and  water  for  the 
purposes  of  the  VM,  may  be  affected  by  the  spilled  substance  in  its  vapor 
or  liquid  phase  or  by  a reaction  product.  In  most  cases,  the  percent  of 
the  vulnerable  resources  affected  within  a given  grid  cell  is  calculated 
and  then  applied  to  the  numbers  of  vulnerable  resources  present,  giving 
the  total  numbers  of  vulnerable  resources  affected  (for  a given  time  period 
and  given  grid  cell).  Figure  S.4  shows  the  specific  types  of  injury  and 
damage  assessed  for  toxic  gases,  fire,  and  explosion.  The  code  name  of  the 
algorithm  used  for  computing  the  portion  of  the  resource  affected  Is  listed 
under  the  column  heading  "Function."  The  factor  or  factors  calculated  from 
the  simulations  of  the  physical  events  which  are  used  by  each  algorithm  to 
assess  damage  are  shown  In  the  adjacent  column. 

For  most  of  the  assessment  functions,  the  damage  or  injury  is  related 
to  the  causative  factor  by  means  of  problt  equations,  resulting  in  the 
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These  functions  are  essentially  the  same  as  FI  and  F2;  however  as  indicated  in  the  adjacent  column, 
slightly  different  arguments  are  used.  These  functions  have  not  yet  been  implemented  as  part  of  the 
computer  program,  although  to  do  so  will  be  very  easy. 


calculation  of  the  fraction  of  the  population  In  each  cell  which  la  affected. 
Four  assessment  procedures,  however,  use  simple  threshold  criteria;  they  are: 
(1)  B3  - ignition  of  structures  from  pool  burning,  (2)  F3  - Ignition  of 
structures  from  flash  fire,  (3)  F2  - nonlethal  injury  from  a flash  fire, and 
(4)  T3  - Irritation  from  Inhalation  of  toxic  gases. 

Provisions  have  been  made  in  the  VM  to  prevent  double  counting  In 
three  different  situations.  Double  counting  is  used  in  this  context  to 
mean  the  inclusion  of  an  element  of  some  vulnerable  resource  (e.g. , a person 
or  a building)  In  more  than  one  category  of  damage  or  injury.  Three  situa- 
tions arise  In  which  double  counting  will  occur  unless  provisions  are  made 
to  prevent  it.  The  situations  are  as  follows. 

1.  A single  damage  mechanism  from  one  event  simultaneously  causes 
injuries  of  differing  severity  (e.g.,  inhalation  of  toxic  gas 
may  cause  death,  nonlethal  injury,  or  irritation). 

2.  Two  or  more  damage  mechanisms  from  one  event  simultaneously  cause 
Injuries  of  the  same  severity  (e.g.,  an  explosion  can  kill  people 
either  by  direct  blast  effects  or  by  impact). 

3.  Different  events  at  different  times  cause  damage  to  the  same 
resource,  but  the  first  event  so  severely  damages  some  portion 
of  the  resource  that  further  damage  is  irrelevant  (e.g.,  persons 
killed  by  toxic  gas  cannot  be  further  Injured  by  a subsequent 
explosion) . 

1.  Toxic  Injury 

Toxic  injury  is  assessed  only  for  the  vulnerable  resource  "people." 

The  toxic  damage  caused  by  irritant  gases  can  in  general  be  classed  into 
three  categories: 

a.  Death 

b.  Nonlethal  injury 

c.  Irritation 

The  category  of  injury  sustained  by  exposed  resources  depends,  in 
general,  upon  both  the  duration  of  exposure  and  the  concentration  level 
experienced.  This  dependence  is  nonlinear;  dose,  the  product  of  concentra- 
tion level  and  duration,  is  not  the  appropriate  variable  to  assess  response 
to  irritant  gases.  For  example,  for  concentrations  over  the  lethality 
threshold,  doubling  the  concentration  level  does  not  halve  the  time  required 
to  produce  the  same  death  rate;  Instead,  as  the  concentration  level  increases, 
the  time  to  produce  a given  injury  level  decreases  at  a disproportionately 
rapid  rate.  Toxic  damages  to  the  vulnerable  resource  "environment"  is  not 
assessed  in  the  VM  at  this  time.  The  VM  predicts  the  Concentration  of  a 
toxic  substance  in  the  air  and  water.  Comparison  of  these  predicted  con- 
centrations to  air  and  water  quality  standards  would  appear  to  be  an 
attractive  method  for  assessing  damage  to  the  environment,  but  such  an 
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approach  has  many  pitfalls,  among  which  arc:  (1)  difficulty  of  implemen- 

tation; (2)  multiple  standards  for  the  same  substance;  (3)  chronic,  instead 
of  acute,  exposure  standards;  (4)  statement  of  quality  standards  in  a form 
other  than  levels  not  to  be  exceeded.  Because  of  these  problems,  the  condi- 
tion of  exceeding  air  or  water  quality  standards  has  not  been  £.  lop  ted  as  a 
viable  proceduic  for  assessment  of  environment  damage  in  the  VM.  It  was 
determined  that  an  assessment  of  damage  to  people  and  property  would  be 
considered  as  the  original  tasks  of  the  VM.  It  is  anticipated  that  environ- 
mental damage  will  be  considered  at  a later  date. 

2.  Explosion  Damage 

Explosion  damage  is  assessed  to  the  vulnerable  resources  "people"  and 
"structures."  Personnel  experience  explosion  damage  in  two  categories, 

(a)  death  and  (b)  nonlethal  injury.  It  is  customary  to  categorize  explo- 
sion damage  to  personnel  in  three  categories,  depending  in  the  causative 
mechanism  of  d*..aage;  thus: 

a.  primary  damage  - direct  blast  effects  (interaction  between  the 
blast  wave  and  personnel  only,  with  no  other  intervening  or 
associated  factors) 

b.  secondary  damage  - damage  from  missiles  and  fragments 

c.  tertiary  damage  - damage  from  translation  and  subsequent  collision 
with  an  obstacle;  l.e.,  impact 

In  the  VM,  death  is  assessed  for  primary  damage  manifested  as  lung 
hemmorhage  or  for  tertiary  damage  manifested  as  skull  and  body  bone  frac- 
tures. Nonlethal  Injuries  are  assessed  for  all  three  damage  categories, 
Including  the  secondary  damage  of  puncture  wounds  from  missile  penetration. 

In  addition,  injury  resulting  from  two  or  more  damage  mechanisms  is  assessed 
in  a separate  category,  multiple  injury.  Structures  experience  explosion 
damage  in  two  categories:  (a)  serious  structural  damage  and  (b)  window 

glass  breakage.  The  physical  variable  that  determines  the  extent  of  explo- 
sion damage  in  the  VM  is  the  peak  overpressure. 

3.  Fire  Damage 

Damages  from  fire  are  assessed  to  the  vulnerable  resources,  "people" 
and  "structures."  The  damage  assessed  to  structures  is  ignition.  The 
damages  assessed  to  personnel  are:  (a)  death  and  (b)  nonlethal  burns.  For 

all  types  of  damages,  two  parameters  have  been  found  to  be  significant: 

(a)  level  of  thermal  radiation  and  (b)  duration  of  the  thermal  radiation; 
therefore  a variable  combining  these  two  parameters  is  used  for  assessment 
purposes.  The  assessment  of  deaths  from  flash  fire  is  based  on  data  obtained 
primarily  from  studies  of  the  effects  of  nuclear  weapons.  The  radiation 
from  a flash  fire  is  time  varying.  To  be  compatible  with  the  damage  assess- 
ment procedure,  this  time  varying  radiation  is  parameterized  by  calculating 
an  effective  pulse  intensity  and  an  effective  pulse  duration.  Because  of 
the  uncertainty  in  determining  the  degree  of  the  burns  and  the  effects  of 
clothing  and  shielding,  the  VM  does  not  make  a quantitative  assessment  of 
nonlethal  burn  injuries.  Instead,  it  informs  the  user  that  the  threshold  for 
causing  first  degree  burns  to  exposed  skin  has  been  exceeded. 
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The  assessment  of  fire  damage  to  structures  Is  based  on  studies  of  the 
ignition  of  wood.  Factors  influencing  wood  ignition  are:  (a)  radiation 

intensity  level,  (b)  duration  of  radiation  exposure,  (c)  wood  type,  and 
(d)  the  presence  or  absence  of  a pilot  flame  near  the  irradiated  wood. 
Duration  and  level  of  radiation  intensity  are  factors  computed  by  Phase  I 
submodels.  Wood  type  is  not  treated  explicitly;  average  values  are  used. 

For  flash  fire  the  presence  of  a pilot  flame  is  assumed;  for  pool  burning 
pilot  flames  are  assumed  to  be  absent. 

Input/Output 

Four  types  of  input  data  are  required  to  run  the  VM: 

1.  The  physical  and  chemical  properties  of  the  cargo,  which  are 
stored  in  a library  file;  also  a 1 ibrary  file  of  default  values 
for  missing  property  values  or  missing  user-supplied  data 

2.  Demographic  and  other  local  Information  for  the  region  of 
interest,  also  stored  in  a library  file 

3.  Data  defining  the  spill  and  the  air  and  water  conditions  at  the 
time  and  location  of  the  spill,  and  locations  and  strengths  of 
ignition  sources 

A.  Operating  parameters  and  override  values 

The  physical  and  chemical  properties  of  the  cargo  are  Btored  in  the 
chemical  properties  file;  this  file,  designed  for  uBe  with  HACS  (SA],  has 
been  adopted  for  use  with  the  VM.  In  addition  to  obvious  information  about 
each  material  such  as  molecular  weight  and  density  at  standard  temperature 
and  pressure,  the  properties  file  contains  some  information  about  flammabil- 
ity, toxicity,  flame  temperature,  and  other  properties  of  the  material.  For 
properties  such  as  vapor  pressure,  viscosity,  and  thermal  conductivity  which 
vary  with  the  temperature,  the  constants  in  the  equations  that  give  these 
quantities  as  functions  of  temperature  are  stored  in  the  properties  file. 

The  information  about  the  distribution  of  population  and  buildings  was 
taken  from  census  data,  and,  at  present,  each  census  tract  constitutes  a 
cell.  Those  census  tracts  that  Included  any  navigable  water  were  divided 
into  the  land  portion  and  the  water  portion.  Each  cell  is  identified  by  a 
number  and  represented  by  a grid  point.  For  regularly  shaped  tracts  with 
a uniform  housing  density,  the  grid  point  was  chosen  to  be  approximately 
the  center  of  the  tract.  For  irregularly  shaped  tracts,  or  those  which 
included  a significant  amount  of  uninhabited  area,  a point  representative 
of  the  settled  area  was  chosen  to  represent  the  census  tract. 

The  third  category  of  input  information  required  is  that  which  defines 
the  spill  and  the  air  and  water  environment  in  which  it  occurs.  These  data 
Include  the  location  of  the  spill,  the  substance  in  the  tank,  the  tank 
temperature,  pressure  and  dimensions,  and  the  size  and  locution  of  the 
rupture  or  vent.  To  define  the  environmental  conditions,  such  items  as 
air  temperature,  pressure,  humidity,  wind  velocity,  and  stability  class 
are  needed,  in  addition  to  water  temperature,  salinity,  pH,  and  current 
or  tidal  conditions. 
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The  fourth  category  of  data  includes  information  which  the  user  pro- 
vides for  each  simulation  and  which  does  not  fit  in  the  previous  category. 

For  example,  the  user  must  specify  what  portion  of  the  available  grid  is  to 
be  used  for  this  simulation.  The  user  may  wish  to  override  the  default 
value  for  an  internal  parameter  such  as  the  time  step  used  in  the  air  dis- 
persion submodel.  Or,  if  chemical  properties  of  the  spilled  cargo  are  known 
to  the  user  but  have  not  yet  been  placed  in  the  properties  file,  the  user 
may  specify  the  values  of  these  properties  in  order  to  override  the  default 
values  which  would  otherwise  be  used. 

The  transfer  from  the  simulation  of  physical  events  to  the  damage 
assessment  portion  of  the  VM  is  by  means  of  files  which  store  the  values 
of  physical  quantities.  The  largest  files  are  those  which  store  the 
concentration  of  the  cargo  in  the  air  and  in  the  water  as  functions  of 
time  and  grid  point.  For  "one-time"  events  such  as  fires  or  explosions, 
only  one  value  of  each  physical  quantity  used  in  damage  assessment  need 
be  stored  for  each  grid  point.  For  explosions,  the  values  of  the  peak 
overpressure  and  the  dynamic  impulse  are  given.  For  a flash  fire,  the 
effective  radiation  intensity  and  duration  are  given,  and  for  pool  burning 
the  radiation  intensity  and  burning  time  are  given.  The  effects  of  toxic 
gases  are  assessed  directly  from  the  variation  of  concentration  with  time. 
After  the  spill  development  is  slnulated  and  the  results  are  stored  by  grid 
cell  and  time  interval,  these  data  along  with  the  information  describing 
the  vulnerable  resources  are  used  to  assess  the  damage  which  may  result. 

After  the  Phase  I simulation  results  have  been  processed  in  Phase  11 
to  give  damage  assessments,  key  features  of  the  Phase  I simulation,  as  well 
as  the  results  of  the  Phase  II  damage  assessment,  are  printed  out  in  a 
user-oriented,  easily  Interpreted  format.  Both  in  the  cell-by-cell  print- 
out and  in  the  summary  printout,  damage  is  separated  into  classes  by 
receptor  (i.e.,  people  or  structures)  and  by  causes  (i.e.,  toxicity, 
explosion  or  fire). 

Because  the  final  damage  assessment  is  presented  in  an  easy  to  under- 
stand, user-oriented  manner,  further  processing  of  the  data  or  lengthy 
analysis  is  obviated.  Of  course,  it  is  assumed  that  the  user  is  knowledge- 
able about  the  cargo  type,  the  geographical  area,  and  the  modeling  assumptions 
to  the  extent  that  the  results  will  not  be  misinterpreted. 

Test  Results 


Test  runs  of  the  VM  were  made  for  the  five  cargoes  considered  under  a 
variety  of  spill  and  environmental  conditions;  these  test  runs  were  performed 
in  order  to: 

• Show  the  feasibility  of  the  VM  concept 

• Test  the  computerized  logic  deciding  the  sequence  of  submodel 
execution 

• Demonstrate  the  plausibility  of  the  damage  assessment  compiled 

• Test  the  sensitivity  of  the  computed  results  to  various  input 
parameters 
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Sizes  of  spills  simulated  ranged  from  0.6  n»3  (160  gallons)  to  50,000  m3 
(13  million  gallons).  Wind  direction,  wind  speed,  spill  size,  cargo  type, 
ignition  source  type,  and  atmospheric  stability  class  were  the  input  para- 
meters varied  in  the  course  of  the  testing. 

The  test  results  gave  spill  development  behavior  and  damage  estimates 
which  are  not  inconsistent  with  the  small  number  of  observed  accidental 
spills.  In  general,  spills  of  the  toxic  irritant  gases  produced  blmulated 
injuries  and  deaths  that  were  an  order  of  magnitude  larger  than  the  damages 
to  people  resulting  from  the  explosion  of  an  equal  amount  of  spilled  flammable 
material.  Injury  and  death  from  deflagration  (flash  fire)  of  a flammable 
spilled  material  were  considerably  less  than  the  injury  and  death  produced 
by  the  detonation  (explosion)  of  the  same  amount  of  flammable  spilled  material. 

Uses  of  the  VM  and  Suggested  Improvements 

At  present,  the  VM  is  in  its  first  stage  of  development,'  even  in  this 
developmental  stage  the  VM  is  a useful  tool.  Among  the  uses  of  the  VM  are: 

o Demonstration  of  the  feasibility  of  implementing  a simulation  system 
for  assessing  damage  resulting  from  spills  of  hazardous  materials 

o Aid  in  planning  future  R&D  efforts  by  pinpointing  areas  where 
modeling  needs  improvement 

o Aid  in  planning  regulatory  actions 

o Aid  in  planning  programs  for  response  measures 

Although  it  is  useful  in  its  present  state  of  development,  the  VM 
requires  further  improvement  before  it  will  be  able  to  realize  its  full 
potential  for  utility  as  a risk  analysis  tool.  Improvements  to  the  VM  can 
be  divided  into  two  classes: 

1.  Improvements  to  specific  submodels  or  the  addition  of  submodels 
to  account  for  additional  phenomena 

2.  Improvements  to  the  overall  VM  structure 

Work  should  be  undertaken  to  expand  and  improve  the  spill  development 
(Phase  I)  modeling.  The  VM  bhould  be  expanded  to  include  new  submodels 
developed  for  the  Coast  Guard;  seven  additional  submodels  have  been 
developed  that  are  suitable  for  inclusion  in  the  VM.  These  are: 

1.  Release  and  migration  of  heavy  insolubles  on  river  beds 

2.  Heating,  rupture  of  the  container,  and  release  of  pressurized 
cargo  in  a fire 

3.  The  release  of  threr  specific  reactive  chemicals 

4.  Release,  spread,  dispersion,  and  fire  hazard  due  to  a continuous 
release  of  cold,  liquefied  gases 

5.  Water  dispersion  of  chemicals  with  finite  solubility 


6.  Heating  and  rupture  of  tanka  on  sunken  barges  carrying 
cryogenic  materials 

7.  Release  of  cold  and  soluble  chemicals  underwater 

The  VM  should  be  exercised  for  various  additional  cargoes,  especially 
chemicals  of  the  type  to  which  these  new  submodels  apply.  Two  areas  of 
fire  and  explosion  modeling  currently  in  the  VM  should  be  improved.  A 
more  sophisticated  treatment  of  the  flash  fire  phenomena  should  be  achieved. 
At  present,  the  radiation  characteristics  at  the  site  of  combustion  are 
calculated,  but  radiation  levels  at  points  distant  from  the  site  of  com- 
bustion are  not  calculated.  Consequently,  no  damage  is  assessed,  except 
in  those  cells  containing  burning  fuel  at  the  cell  center.  An  improved 
flash  fire  submodel  should  permit  assessment  of  damage  at  points  distant 
from  the  site  of  combustion.  This  improved  calculation  of  radiation  levels 
will  continue  to  treat  the  variation  of  radiation  with  time  but  will  improve 
the  treatment  of  radiation  variation  in  space.  Another  area  of  fire  and 
explosion  modeling  that  requires  improvement  is  the  treatment  of  ignition 
sources.  The  present  model  classifies  ignition  sources  on  the  basis  of 
strength  by  using  the  concept  of  flash  point  in  a rather  unconventional 
manner.  Also  the  decision  as  to  whether  conflagration  or  detonation 
results  if  an  ignition  occurs  is  made  a priori  by  the  user,  rather  than 
being  a computed  decision  in  the  '..imulation . At  this  time,  it  is  doubtful 
that  a model  can  be  formulated  to  make  the  choice  between  conf lagration 
and  detonation  except  at  a disproportionately  high  effort  and  cost. 

On  the  other  hand,  other  aspects  of  the  modeling  of  ignition  phenomena 
could  be  improved.  A treatment  is  desired  which  would  consider  ignition 
potential  as  a true  function  of  area,  rather  than  the  current  treatment 
which  considers  ignition  sources  to  be  concentrated  at  the  center  of  a 
grid  cell.  By  describing  ignition  sources  in  a manner  other  than  locating 
the  sources  at  discrete  9itee  (the  cell  centers),  a more  realistic  assess- 
ment of  time  to  ignition  and  distance  between  ignition  point  and  spill  may 
be  obtained.  The  ability  to  grade  ignition  sources  according  to  strength 
is  a desirable  property  of  the  VM.  However,  a gradation  system  that  is 
based  on  flashpoint,  although  useful,  lacks  rigor  in  the  correspondence 
between  the  physical  phenomena  modeled  and  the  mathematical  description 
used  in  the  VM.  However,  no  solution  may  exist  to  the  ignition  gradation 
problem,  which  is  both  physically  more  realistic  and  manageable  in  terms 
of  computation  and  data  preparation;  therefore,  the  problem  of  ignition 
source  gradation  may  be  researched,  but  a modification  to  this  portion 
of  the  VM  may  not  be  advisable  unless  a tractable  solution  is  found. 

Certain  aspects  of  current  damage  assessment  procedures  should  be 
improved.  The  VM  should  be  modified  to  assess  deaths  and  injuries  suffered 
by  indoor  sheltered  populations  due  to  all  relevant  damage  mechanisms. 
Consideration  should  be  given  to  the  varying  degrees  of  shelter  afforded 
by  different  types  of  structures.  For  injury  caused  oy  inhalation  of  toxic 
gases,  assessment  of  injury  to  the  indoor  population  will  involve  considera- 
tions of  seepage  of  the  toxic  substance  into  structures.  The  assessment 
techniques  for  damage  caused  by  inhalation  of  toxic  gases  evolved  during 
the  first  stage  of  development  of  the  VM  require  that  the  time  history  of 
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concentration  of  the  gas  be  known.  For  injury  caused  by  explosion,  assess- 
ment of  injury  to  the  indoor  population  will  involve  the  degree  of  shelter 
afforded  by  the  placement  of  the  people  in  the  building.  For  example, 
persons  in  front  of  glass  walls  or  large  windows  facing  the  blast  will  have 
a much  greater  chance  of  injury  from  flying  fragments  than  persons  not  so 
located.  Buildings  with  fewer  and  smaller  windows  will  not  present  this 
hazard  but  may  cause  high  velocity  jets  to  issue  from  those  windows  facing 
the  blast,  and  these  high  velocity  jets  of  air  may  cause  serious  translation 
damage.  Injury  to  persons  Inside  buildings  as  a result  of  flash  fire  or 
pool  burning  is  much  less  likely  to  occur  as  a primary  damage  mechanism 
than  injury  to  sheltered  populations  from  explosion  or  toxic  substances. 
Whether  a person  inside  a building  is  harmed  directly  by  burning  of  the 
spilled  material  depends  mainly  on  whether  that  person  is  in  front  of  a 
large  window  or  is  otherwise  in  the  building  but  "unsheltered"  by  the 
building. 

The  data  file  of  vulnerable  resources  should  be  expanded  to  account 
for  those  portions  of  the  population  that  are  found  in  the  different  classi- 
fications of  structures  for  different  times  of  the  day  and  different  days 
of  the  week.  It  may  be  desirable  to  categorize  the  population  into  three 
location  classes:  (1)  at  home,  (2)  at  work,  and  (3)  in  transit.  A fourth, 
and  possibly  highly  significant  class,  may  be  "at  a recreation  facility," 
e.g.,  at  a stadium,  playground,  beach,  or  fairground.  Movement  of  the 
population,  especially  regarding  recreational  location,  will  also  depend 
on  the  time  of  year.  The  "at  work"  location  of  the  you.iger  segment  of  the 
population  will  normally  be  at  schools;  in  most  parts  of  the  country, 
schools  are  closed  or  only  partially  utilized  in  the  summer. 

A better  treatment  of  the  ignition  of  structures  should  be  brought 
about.  A more  precise  method  to  account  for  shielding  from  thermal  radia- 
tion is  to  be  devised.  The  current  criterion  that  23%  of  the  structures 
are  ignited  in  a cell  subject  co  radiation  sufficient  to  cause  ignition 
is  to  be  replaced  by  a criterion  that  has  a variable  percentage  ignited 
and  the  percentage  ignited  is  to  be  calculated  on  the  basis  of  physical 
principles . 

The  damage  assessment  procedures  in  the  VM  should  bi-  expanded  to 
account  for  damage  mechanisms  not  currently  modeled.  Among  the  additional 
damage  mechanisms  that  should  be  accounted  for  in  the  VM  are  the  following: 

1.  The  spread  of  fires  initiated  by  the  burning  of  the  spilled  cargo 
should  be  considered.  This  will  involve  both  fire  spread  from 
building  to  building  and  the  ignition  of  new  sources  of  fuels,  as 
might  be  found  in  a nearby  refinery. 

2.  The  inhalation  of  toxic  combustion  products  should  be  examined. 

3.  The  ingestion  of  water  containing  toxic  concentrations  of  pollutant 
should  be  considered.  A specific  level  of  injury  or  percent  of 
population  injured  is  not  possible  since  the  quantity  3nd  rate  of 
ingestion  are  highly  variable  and  unpredictable.  What  is  required 
is  some  indication  of  the  toxic  hazard  presented  by  a given  con- 
centration of  spilled  substance. 

4.  The  phenomenon  of  a roiling  fireball  should  be  examined,  and  modeled 

if  it  is  to  be  a significant  damage  mechanism.  The  rolling  fireball 
is  distinguished  from  the  flash  fire  by:  (1)  combustion  in  the 
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flash  fire  is  rapid  compared  to  combustion  in  the  fireball; 

(2)  the  burning  mixture  in  the  fireball  is  rich  and  is  supported 
by  turbulent  diffusion,  whereas  the  burning  mixture  in  the  flash 
fire  is  p remixed  to  within  the  f loanable  limits. 

5.  Injury  by  asphyxiation  should  be  addressed. 

6.  Further  consideration  should  be  given  to  the  significant  ways 
in  which  diffuse  explosions  differ  from  conventional  explosions, 
both  in  physical  characteristics  and  in  damage  phenomena;  the 
possibility  that  a deflagration  may  "shock  up"  to  produce  a 
significant  blast  overpressure  should  be  considered. 

Methods  to  make  the  VM  more  accurate  and  efficient  by  modifying  the 
present  grid  cell  structure  should  be  examined.  One  possible  approach  is 
to  compute  the  precise  region  of  damage  from  a spill-based  coordinate 
system  and  then  to  process  only  those  demographic  data  pertinent  to  the 
Impacted  area.  Such  an  approach  may  also  permit  the  plotting  of  lsodamage 
contours.  To  restructure  the  VM  in  this  manner  will  require  that  the 
computation  of  physical  phenomena  at  cell  centers  be  abandoned;  conse- 
quently, the  Phase  I subroutines  may  require  revision  to  compute  the  locus 
of  a constant  value  of  a physical  parameter  (say  overpressure)  rather  than 
to  compute  the  value  of  a parameter  at  a given  point. 

Conclusion 


The  listing  of  such  a large  number  of  recommendations  was  intended 
to  point  the  way  toward  areas  related  to  the  VM  for  which  additional  effort 
is  believed  to  have  the  greatest  potential  for  benefit.  This  list  of 
reconnendatlons  is  not,  nor  is  it  intended  to  be,  an  indictment  of  the  VM. 
To  the  contrary,  the  VM,  in  this  its  first  stage  of  development  albeit 
crude  in  certain  aspects,  is  believed  to  be  a useful,  practical  tool  for 
use  in  the  risk  analysis  of  marine  spills.  Further  development  of  the  VM 
will  make  this  already  functional  tool  more  useful,  more  precise,  and 
more  widely  applicable. 
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INTRODUCTION 


This  report  describes  the  development  of  a computerized  simulation 
model  designed  to  estimate  the  consequences  of  a marine  spill  of  a hazar- 
dous chemical.  This  Vulnerability  Model  (VM)  has  been  developed  for  the 
U.  S.  Coast  Guard  under  contract  DOT-CG-33377-A.  The  model  simulates  the 
physical  phenomena  associated  with  spills  and  the  responses  of  vulnerable 
resources  to  the  various  damage-inducing  mechanisms  resulting  from  the 
spill.  The  VM  produces  estimates  of  the  total  losses  Incurred  in  terms 
of  deaths,  injuries  and  value  of  property  damage.  It  also  identifies  the 
time  and  location  of  the  losses  and  the  damage  mechanism  which  caused 
them. 


In  recent  years,  new  technologies  and  an  expanding  search  for  energy 
sources  have  led  to  Increased  bulk  transport  of  hazardous  chemicals  on 
U.  S.  waters.  The  Ports  and  Waterways  Safety  Act  of  1972  charges  the 
Coast  Guard  with  providing  for  the  safety  of  "ports,  harbors,  waterfront 
areas  and  navigable  waterways  of  the  United  States."  To  meet  this  respon- 
sibility, the  Coast  Guard  is  authorized  to  regulate  the  movement  of  bulk 
cargoes  and  the  design  and  operation  of  vessels  carrying  them.  Substantial 
Increases  in  safety  rarely  come  cheaply.  The  reduction  in  risk  attribu- 
table to  any  regulation  must  be  weighed  against  the  increased  operating 
costs  of  capital  expenditures  such  regulation  requires.  The  need  to 
perform  cost-benefit  analyses  of  Coast  Guard  actions  has  led  to  a research 
and  development  program  to  establish  a Risk  Management  System.  The  VM  is 
an  important  component  of  this  system. 

The  Risk  Management  System  (Figure  1-1,  [1])  consists  of  three  submodels 
linked  together  to  relate  various  system  parameters  to  the  risks  and  costs 
of  operating  the  system.  The  first  submodel  is  spill  analysis,  which  esti- 
mates the  change  in  the  likelihood  of  spill  accidents  Induced  by  regulating 
the  values  of  some  system  parameters.  Next  is  the  damage  assessment  phase 
in  which  the  VM  estimates  the  consequences  of  a spill  occurring  for  a given 
set  of  conditions.  When  the  consequences  of  an  accident  are  combined  with 
the  likelihood  of  the  accident  occurring,  a measure  of  the  system  risk  is 
produced.  It  then  remains  to  measure  the  economic  impact  of  the  regulation 
by  varying  the  inputs  to  the  cost  submodel.  The  merit  of  the  regulation  can 
then  be  evaluated  by  comparing  the  reduction  in  risks  to  the  increase  in 
costs. 

The  main  objective  in  developing  a damage  assessment  tool  has  been  to 
establish  a workable  model  within  a framework  flexible  enough  to  allow  for 
future  model  enhancements.  The  approach  taken  was  to  simulate  the  spill 
through  a series  of  separate  submodels.  Many  of  these  submodels  had  pre- 
viously been  developed  for  the  Coast  Guard.  In  modeling  complex  physical 
processes,  it  has  been  necessary  to  make  simplifying  assumptions.  A 
conservative  design  philosophy  guided  the  development  of  models  used  in 


(1]  Dunn,  W.  A.,  and  P.  M.  Tullier.  Spill  Risk  Analysis  Program.  Phase  II. 
Methodology  Development  and  Demonstration.  Operations  Research,  Inc., 
Silver  Spring,  Md.,  August  197 A . USCG  Report  No.  CG-D-15-75  (NTIS  AD 
785026). 
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the  VM;  consequently,  whenever  alternate  approximations  were  available,  the 
approximations  ware  chosen  so  that  the  VM  does  not  underestimate  damage. 

The  approximations  made  in  model  development  are  recognised,  but  the 
modularised  structure  of  the  VM  facilitates  the  insertion  of  additional 
and  Improved  models  as  they  become  available.  A subsidiary  objective  in 
developing  the  VM  is  to  aid  in  the  assessment  of  the  effectiveness  of 
response  measures  (e.g.,  evacuation,  chemical  neutralization  or  adsorption, 
and  firefighting).  The  effectiveness  of  various  response  measures  is 
determined  by  simulating  a spill  and  appropriately  manipulating  those 
parameters  of  the  model  affected  by  the  postulated  response.  Use  of  the 
VM  for  evaluating  response  measures  is  deferred  pending  further  model 
development. 

There  is  a danger  that  the  results  of  the  VM  may  be  misinterpreted, 
so  caution  and  care  must  be  exercised  when  considering  the  results.  One 
point  that  must  always  be  borne  in  mind  is  that  the  VM  is  entirely  deter- 
ministic. The  damages  assessed  by  the  model  are  predicated  on  a set  of 
circumstances  (input  conditions)  chosen  by  the  user.  The  probability  that 
such  a set  of  conditions  exists  is  not  considered  by  the  VM.  The  likelihood 
of  a spill  is  small;  this  small  probability  combined  with  the  probabilities 
of  all  of  the  other  conditions  yields  a small  overall  probability  that 
any  given  scenario  actually  occurs.  Thus,  although  the  consequences  of 
some  simulations  are  quite  dire,  the  risk  (the  expected  value)  is  small; 
large  losses  from  rare  events  do  not  necessarily  indicate  a high  risk 
activity.  Because  the  VM  is  completely  deterministic  and  because  no 
assessment  is  made  of  the  likelihood  of  a u9er-cho9en  scenario,  considerable 
judgment  and  experience  are  required  to  avoid  unreasonable  (even  impossible) 
input  conditions.  For  example,  it  is  possible  to  simulate  a very  large 
spill,  even  though  no  vessel  in  existence  is  large  enough  to  carry  that 
much  cargo.  Another  Instance  of  the  possible  simulation  of  an  unrealistic 
scenario  is  the  specification  of  a certain  size  spill  at  a location 
unreachable  by  a cargo  ship  large  enough  to  carry  the  quantity  of 
material  specified  as  spilled.  A further  example  is  that  the  user  may 
specify  an  explosion-generating  ignition  source,  thereby  causing  an  explosion 
to  be  simulated,  for  a situation  in  which  the  chemical  properties  of  the 
spilled  substance  or  the  conditions  at  the  time  of  ignition  make  the 
likelihood  of  explosion  extremely  small.  It  must  also  be  acknowledged, 
when  interpreting  results,  that  the  VM  is  in  its  first  stage  of  development. 
Spills  have  been  simulated  for  only  five  liquids.  Solids,  reacting  sub- 
stances, secondary  damage  mechanisms,  damage  to  indoor  (sheltered)  popula- 
tions, etc.,  have  not  been  modeled.  Although  such  omissions  do  not 
invalidate  the  results,  comparison  of  results  in  a general  context  (for 
different  chemicals,  different  locations,  etc.)  should  be  made  with  caution 
until  further  development  improves  the  accuracy  and  confidence  level  of 
the  model.  Finally,  interpretation  of  the  results  should  be  tempered  with 
the  knowledge  that  the  VM  alone  cannot  determine  the  risk  of  marine 
transport  in  comparison  with  other  forms  of  bulk  transport  or  even  with 
other  human  activity  involving  risk. 

In  spite  of  some  current  limitations,  the  VM  can  perform  many  useful 
functions.  By  using  it,  the  relative  potential  consequences  of  transporting 
different  commodities  can  be  assessed  in  a physically  based,  consistent, 
quantitative  manner.  Damage  estimates  resulting  from  a simulated  spill  of 
one  cargo  may  have  a different  degree  of  accuracy  from  the  results  of 
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another  cargo,  since  a different  set  of  submodels,  each  with  its  own 
precision,  is  used  to  obtain  the  result.  Nevertheless,  the  relative 
potential  consequences  of  transporting  different  cargoes  are  given.  The 
sensitivity  of  the  damage  estimates  to  the  location  of  the  spill  can  also 
be  shown  with  the  present  model.  Damage  estimates  for  locations  with 
greatly  different  topographic  features  may  possess  different  degrees  of 
accuracy,  since  some  submodels  give  more  accurate  simulations  for  one  type 
of  topography  than  another.  Regardless,  the  relative  potential  consequences 
at  different  locations  can  be  demonstrated.  This  type  of  information  should 
be  very  useful  in  determining  where  facilities  to  load  and  unload  vessels 
should  be  optimally  located. 

This  final  report  marks  the  end  of  the  first  phase  in  the  development 
of  the  VM.  This  model  is  but  one  of  several  elements  in  a continuing 
search  for  better  methods  to  identify,  assess,  and  control  risks  and  to 
improve  safety  associated  with  the  transport  of  hazardous  materials.  It 
Is  recognized  that  the  subject  matter  of  this  report  is  emotionally 
sensitive  and  that  the  interim  findings  presented  are  subject  to  misinter- 
pretation or  misuse.  However,  it  is  concluded  that  the  potential  benefits 
to  be  derived  from  presenting  these  findings  far  outweigh  the  possible 
harm  that  cou’d  occur  if  the  results  are  misinterpreted,  misused,  or 
misrepresented  by  persons  with  differing  motives.  Constructive  interest, 
suggestions,  and  criticisms  of  this  research  effort,  the  methods  used, 
and  the  interpretation  of  results  are  solicited. 

The  repetitive  statement  of  so  many  cautionary  notes  is  not,  nor  is 
it  intended  to  be,  an  indictment  of  the  VM.  To  the  contrary,  the  VM,  in 
this  its  first  stage  ol  development,  is  believed  to  be  a useful,  practical 
tool  for  use  in  the  risk  analysis  of  marine  spills.  Further  development 
of  the  VM  will  make  this  already  functional  tool  more  useful,  more  precise, 
and  more  widely  applicable. 

Chapter  1 ot  this  report  presents  an  overview  of  the  VM  design. 

Chapter  2 consists  of  a summary  of  the  several  submodels  used  in  the  VM, 
some  of  which  had  been  developed  previously  under  USCG  sponsorship;  other 
submodels  were  developed  as  part  of  this  current  project.  Chapter  3 
describes  air  dispersion  modeling,  and  Chapter  4 describes  fire  and  explosion 
modeling;  both  of  these  areas  of  modeling  have  received  considerable  atten- 
tion during  this  effort  and  are,  therefore,  given  detailed  description.  The 
VM  operates  in  two  stages,  referred  to  as  Phase  I and  Phase  II.  Phase  I 
simulates  the  spill  itself  and  the  distribution  of  the  spilled  sub  Lance 
in  space,  whereas  Phase  II  uses  data  from  Phase  I to  assess  injuries/damage 
to  vulnerable  resources.  Chapter  3 summarizes  the  type  of  input  and  output 
data  associated  with  Phase  I,  and  Chapter  6 summarizes  the  assessment 
procedures  used  in  Phase  II,  including  flow  diagrams.  Chapter  7 describes 
test  computer  runs  of  the  VM  . Chapter  8 presents  a sensitivity  analysis 
of  the  VM  for  input  variable  changes.  Chapter  9 summarizes  the  conclusions 
of  a historical  survey  performed  in  this  effort  to  help  validate  the  VM. 
Chapter  10  gives  conclusion':  and  recommendations.  Appendix  A contains 
flow  diagrams  and  a related  uescrip'ion  of  Phase  I.  Appendix  B gives 
details  of  the  air  dispersion  modeling  Appendixes  C and  D give  details 
of  the  fire/explosion  submodels  and  their  damage  assessment  procedures, 
respectively.  Appendix  E describes  the  approach  taken  in  deriving  the 
toxicity  damage  assessment  procedures,  nppend'x  F is  a set  of  case  studies 
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cospiled  in  the  historical  survey  subtask.  Appendix  G details  procedures 
to  avoid  double  counting  in  damage  assessment.  Instructions  on  data 
preparation  and  modal  execution  are  found  In  a separate  document,  the 
"Vulnerability  Model  User's  Manual." 


CHAPTER  1 


GENERAL  DESCRIPTION  OF  THE  VULNERABILITY  MODEL 


Introduction 


This  chapter  presents  a general  overview  of  the  Vulnerability  Model 
(VM)  and  lists  some  of  the  constraints  necessarily  imposed  upon  model 
design  and  development  in  order  to  produce  an  operational  package  within 
the  resources  available.  Details  of  what  is  summarized  here  are  presented 
in  the  following  chapters  and  in  the  appendixes. 

Vulnerability  Model 

1.  Scope 

The  VM  is  a computer  simulation  designed  to  provide  quantitative 
measures  of  the  consequences  of  marine  spills  of  hazardous  materials.  The 
simulation  starts  with  a description  of  the  nature  of  the  spill  itself, 
continues  through  the  dispersion  of  the  hazardous  material,  and  ultimately 
includes  an  assessment  of  the  Immediate  effects  of  the  spill  on  surrounding 
vulnerable  resources,  namely,  people,  property,  and  the  environment. 

The  VM  was  originally  conceived  to  be,  and  is  ultimately  intended  to 
be,  a damage  assessment  tool  capable  of  treating  spills  of  virtually  all 
cargoes  carried  in  marine  bulk  transport.  However,  in  order  to  obtain  a 
complete,  functional  simulation  system  within  the  resources  allocated,  the 
version  of  the  VM  operational  at  present  was  developed  with  fewer  capa- 
bilities and  less  completeness  than  the  comprehensive  model  originally 
envisioned.  A comprehensive  version  of  the  VM  should  treat  all  cargoes 
whether  in  solid,  liquid,  or  gas  phase.  The  model  should  also  treat  other 
physicochemical  processes  affecting  cargoes,'  including  change  of  phase  upon 
release  into  air  or  wa:er,  reaction,  dissolution,  admixture,  and  mass  trans- 
fer between  water  and  air.  The  version  of  the  VM  operational  at  present 
treats  only  fluid  cargoes  and  is  able  to  simulate  only  some  of  the 
physicochemical  processes  that  a more  complete  model  could  simulate. 
Currently,  the  VM  has  been  exercised  for  only  five  cargoes:  anhydrous 

ammonia,  chlorine,  gasoline,  liquefied  na-ural  gas,  and  methanol. 

A main  consideration  in  developing  a damage  assessment  tool  has  been 
to  establish  a workable  model  within  a framework  flexible  enough  to  allow 
for  future  model  enhancements.  The  approach  taken  was  to  simulate  the 
spill  through  a series  of  separate  submodels,  many  of  which  had  previously 
been  developed  for  the  Coast  Guard.  In  modeling  complex  physical  processes, 
it  has  been  necessary  to  make  simplifying  assumptions.  A conservative 
design  philosophy  guided  the  development  of  models  used  in  the  VM;  con- 
sequently, whenever  alternate  approximations  were  available,  the  approxi- 
mations were  chosen  so  that  the  VM  does  not  underestimate  damage.  The 
approximations  made  in  model  development  are  recognized,  but  the  modularized 
structure  of  the  VM  facilitates  the  insertion  of  additional  and  improved 
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aodels  as  they  become  available.  However,  because  the  ultimate  goal  of 
the  VH  is  a general  use  damage  assessment  tool,  the  use  of  chemical- 
specific  models  has  been  avoided. 

2.  Simulation  Scenario 


The  simulation  requires  three  types  of  descriptive  data  that  define: 

(1)  the  spill,  (2)  the  physical  setting  in  which  the  spill  occurs,  and 
(3)  the  vulnerable  resources  that  are  subject  to  the  effects  of  the  spill. 
The  spill  is  described  in  terms  of  its  location  and  spill  rate,  the  physical 
and  chemical  properties  of  the  spilled  material,  and  the  quantity  of  the 
spill.  The  physical  setting  is  described  in  terms  of  the  geometric 
configuration  of  the  shorellne(s) , hydrologic/oceanographic  properties,  and 
meteorological  data.  Vulnerable  resources  are  described  in  terms  of 
demographic  distribution,  property  distribution,  and  land/water  use.  The 
geographic  area  of  concern  may  represent  any  user-defined  location,  a 
rectangular  area  measuring  10  miles  in  length  and  3 miles  in  width  being 
typical  of  anticipated  applications.  The  physical  setting  and  the  dis- 
tribution of  vulnerable  resources  are  described  in  terms  of  mutually 
exclusive  geographic  cells  that  cover  the  entire  area  of  concern. 

3.  Submodels 


The  VM  consists  of  submodels  interconnected  by  an  executive  routine, 
with  built-in  logic  dictating  the  sequence  of  submodel  processing  as  a 
function  of  the  spill  development.  Among  these  submodels  are  simulations 
of  surface  spreading,  water  mixing,  air  dispersion,  conflagration  and  ex- 
plosion and  submodels  for  assessing  the  effects  from  the  dissemination 
of  the  hazardous  material  on  vulnerable  resources.  Some  of  the  submodels 
had  been  designed  previously  under  U.  S.  Coast  Guard  sponsorship  as  part 
of  the  CHRIS  (Chemical  Hazard  Response  Information  System)  [2]  project 
development.  CHRIS  is  a chemical  hazard  response  information  system 
embodied  in  a set  of  field  manuals;  the  models  in  CHRIS  are  presented  in  a 
format  for  hand  calculation  of  spill  development.  Some  of  these  same 
models  have  also  been  incorporated  into  HACS  (Hazard  Assessment  Computer 
System)  (3),  which  is  designed  for  headquarters  use.  The  models  in  HACS  are 
presented  in  a format  for  computer  calculation  of  spill  development. 

Several  of  the  submodels  in  the  VM,  including  all  of  the  damage  assessment 
procedures,  were  designed  specifically  for  the  VM.  A generalized  flow 
diagram  of  the  model  is  presented  in  Figure  1-1 • 


[2]  Raj,  R.  R.  K.,  and  A.  S.  Kalelkar.  Assessment  Models  in  Support  of 
the  Hazard  Assessment  Handbook.  Arthur  D.  Little,  Inc.,  Cambridge, 
Mass.,  January  1974.  USCG  Report  No.  CG-D-65-74  (NTIS  AD  776617). 

(3]  Hazard  Assessment  Computer  System  (HACS)  User  Manual.  Arthur  D. 
Little,  Inc.,  Cambridge,  Mass.,  December  1974. 
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PHASE  II 


FIGURE  1-1.  GENERALIZED  FLOW  DIAGRAM  OF  THE  VULNERABILITY  MODEL 
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4.  Operational  Phase* 


The  VM  operates  in  two  phases.  Phase  I simulates  the  spill  itself, 
the  physical  and  chemical  transformations  of  the  spilled  substance  and 
its  dissemination  in  space.  This  phase  covers  the  time  period  from  the 
initiation  of  the  spill  until  a user-specified  time  has  elapsed.  The  time 
Interval  between  simulation  calculations  is  specified  by  the  user  but 
may  be  overridden  by  certain  submodels  (such  as  the  explosion  submodel). 

A time-history  file  of  the  spill  sequence  simulated  during  the  first 
phase  is  retained  on  magnetic  tape,  disk,  or  other  semipermanent  computer 
storage  media. 

In  Phase  II,  the  computer  first  superimposes  this  time-history  file 
upon  the  vulnerable  resources  map  and  then  assesses  the  effects  of 
toxicity,  explosion  and/or  fire  on  the  vulnerable  resources  as  a function 
of  time.  Estimates  of  deaths  and  nonlethal  injurl  s to  people  and  of 
damage  to  property  are  provided  in  tables. 

A schematic  of  the  types  of  submodels  currently  implemented  in  Phase  I 
and  Phase  II  is  given  in  Figure  1-2.  Details  of  the  Phase  I submodels  as 
Implemented  currently  are  given  in  Chapters  2,  3,  and  4 and  Appendixes  B 
and  C.  Details  of  the  Phase  II  submodels  as  implemented  currently  are 
given  in  Chapter  6 and  Apperdixes  D,  E,  and  G.  Generalized  flow  diagrams 
of  Phase  I submodels  for  a comprehensive  version  of  the  VM,  i.e.,  flow 
diagrams  showing  spill  development  for  virtually  all  marine  cargoes,  are 
presented  with  an  explanatory  narrative  in  Appendix  A.  These  flow  diagrams 
and  discussion  are  presented  to  guide  the  development  of  new  models  and  to 
indicate  the  planned  structure  of  a comprehensive  VM;  the  material  pre- 
sented in  Appendix  A should  not  be  interpreted  as  representing  the  current 
state  of  development  of  the  VM. 

5.  Constraints 


This  section  lists  some  of  those  constraints  to  model  development  and 
application  required  to  produce  an  operational  model  within  the  resources 
available.  It  should  be  noted  that  some  of  the  limitations  listed  here 
may  be  relaxed  or  removed  in  the  event  of  further  model  development. 

(a)  Several  submodels  applicable  to  marine  spills  of  hazardous 
chemicals  have  been  developed  under  contract  to  the  USCG  and 
are  described  in  the  CHRIS  documentation  [2].  Some  of  these 
have  been  programmed  in  FORTRAN  and  are  currently  integrated 
into  HACS  (3),  also  under  contract  to  the  USCG.  Concurrent  with 
development  of  the  VM,  the  CHRIS  and  HACS  documentation  has  been 
reviewed  with  the  Intent  of  using  as  many  available  submodel 
designs  and  computer  routines  as  feasible  in  order  to  avoid 
duplicating  research,  development  and  computer  programming.  Some 
of  these  submodels  are  being  used  in  the  VM  with  little  or  no 
modif i cation. 

(b)  Secondary  damage  mechanisms,  such  as  ignition  of  specially  hazar- 
dous establishments  (e.g.,  refineries),  were  not  treated;  only 
the  direct  consequences  of  the  spill  were  simulated.  Treatment 
of  secondary  effects,  such  as  fire  storms,  additional  spills 
caused  by  the  primary  spill,  hazards  from  damage  to  key  faci- 
lities (such  a gas  distribution  on  water  supply  system),  was 
deferred  for  future  development. 

10 


Venting 

of 

Cargo  . 


Spill  Development  In  water 

• Spreading  on  water  surface 

a Mixing  and  transport  In 
water 

a Evaporation  or  boiling 


Air  Dispersion 


Fire  & Explosion 

a Explosion 
a Flash  Fire 
a Pool  Burning 


Phase  I 


Fire  and  1 

Explosion  » Tox<c1ty 

i 


Damage  Assessment 


Phase  II 


11 


(c)  The  portion  of  the  population  Indoors  was  considered  to  be 
sheltered,  and  no  damage  was  assessed  to  this  group.  Further, 
it  was  assumed  that  fifty  percent  of  the  subject  population  was 
Indoors . 

(d)  Explosion  damage  to  structures  was  assessed  on  the  assumption 
that  the  structures  affected  are  framed  with  wood  members; 
treatment  of  explosion  damage  to  more  substantial  structures  was 
deferred  for  future  development. 

(e)  Only  inhalation  toxicity  was  treated;  injury  by  ingestion  of 
toxic  materials  was  not  assessed. 

(f)  Micrometeorologlcal  effects  (e.g.,  airflow  patterns  around 
buildings)  were  not  modeled  because  to  do  so  would  necessitate 
so  fine  a degree  of  resolution  in  the  model  that  input  prepara- 
tion and  computer  run  time  would  become  prohibitively  expensive. 

Consequently,  modeling  to  account  for  the  net  effects  of  micro- 
meteorology has  been  developed  and  is  described  in  Chapter  3; 
however,  the  computer  programming  for  this  modeling  has  not  been 
implemented.  In  addition,  a uniform  wind  velocity  was  assumed 
to  prevail  over  the  entire  area  of  concern. 

(g)  Certain  aspects  of  underwater  modeling  of  chemicals  were  beyond 
the  scope  of  this  stage  in  the  development  of  the  VM.  Initially, 
vessel  spills  were  to  be  modeled  only  for  hull  ruptures  at  or 
above  the  waterline.  Underwater  releases  were  not  considered. 

(h)  Hazardous  spills  occurring  on  land  that  remain  on  land  would 
require  substantial  modification  of  the  model.  Spills  occurring 
on  land  but  reaching  the  water  could  be  treated  as  special  cases 
of  spl 1 Is  on  water  during  subsequent  development  of  the  VM. 

(i)  Of  the  various  hazards  resulting  from  spills,  air  and  water 
pollution  received  lowest  priority  in  order  to  avoid  duplicating 
work  now  in  progress  at  EPA.  Damage  to  the  environment  was  not 
assessed;  however,  the  concentration  of  hazardous  material  in 
air  and  water  was  computed,  so  chat  the  user  may  estimate 
environmental  consequences  at  his  option. 

(j)  Explosions  of  nonchemical  origin,  such  as  those  that  can  occur 
when  cryogens  are  released  on  water,  were  not  considered  in 
this  model. 

(k)  The  model  was  designed  primarily  to  assess  risk  to  the  public 
rather  than  to  those  persons  experiencing  prolonged  or  unusual 
levels  of  exposure  to  hazards  (such  as  emergency  personnel). 

(l)  Explosion  of  an  unconfined  vapor  cloud  is  partially  determined  by  \ 

a user  input  option  and  partially  determined  by  the  simulated  j 

characteristics  of  the  vapor  cloud;  since  the  decision  to  simulate 

an  explosion  is  not  entirely  based  on  physical  principles,  it  may  ' 

properly  be  argued  chat  the  VM  will  simulate  an  explosion  when,  in  < 

fact,  none  could  occur.  , 
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(m)  Test  runs  were  performed  only  for  five  cargoes:  anhydrous  ammonia, 

LNG  (liquefied  natural  gas),  chlorine,  methanol  (wood  alcohol), 
and  gasoline;  an  analysis  of  inhalation  toxicology  was  performed 
only  for  anmonla  and  chlorine. 

(n)  Response  actions  (e.g.,  spill  containment,  population  evacuation, 
and  fire  fighting)  were  not  considered. 

(o)  Spills  of  solids  and  reacting  chemicals  were  not  considered. 

(p)  Census  data  were  used  to  determine  the  location  of  the  vulnerable 
population;  since  census  data  primarily  deal  with  the  location  of 
the  residence  of  people,  no  modeling  was  effected  to  deal  with 

the  movement  of  people  from  home  to  work,  to  school,  to  recreational 
areas,  or  to  other  nonresident la  1 locations. 

(q)  Most  of  the  physicochemical  models  consider  that  only  a single 
process  occurs  at  one  time,  so  that  separate  physical  events 
occurring  simultaneously  are  modeled  as  a sequence  of  separate 
events;  for  example,  the  VM  models  spilling,  spreading,  and  burning 
as  separate  events,  each  terminating  before  the  next  can  begin, 
even  though  these  events  can  and  do  occur  simultaneously. 

6.  Current  Status  of  Development 

At  present,  the  VM  is  in  a first  stage  of  development.  It  has  been 
demonstrated  that  an  actual  working  model  is  capable  of  carrying  on  a 
simulation  from  the  specification  of  cargo  and  spill  conditions  through 
to  the  assessment  of  damages  to  vulnerable  resources.  The  quantitative 
results  of  the  simulation  appear  to  correlate  with  the  picture  of  events 
given  both  by  expert  judgment  and  by  historical  records  of  accidental  spills. 
This  correlation  is  obtained  even  though  it  is  recognized  that  some  of  the 
modeling,  by  necessity,  is  not  at  the  highest  level  of  sophistication. 
Furthermore,  the  cost  of  a given  simulation  has  been  kept  within  reasonable 
bounds.  Likewise  the  cost  of  data  preparation  required  by  the  VM  is  not 
excessive.  There  is  virtually  no  cost  involved  in  output  interpretation, 
since  the  computer  results  are  presented  in  an  easy-to-understand,  user- 
oriented  way. 

Although  the  results  are  presented  in  what  is  thought  to  be  a clear, 
forthright  manner,  there  does  exist  a danger  that  the  results  of  a given 
simulation  may  be  misinterpreted.  The  VM  is  a deterministic  model.  It 
predicts,  witu  what  is  thought  to  be  a reasonable  degree  of  realism,  the 
consequences  of  a situation  specified  by  the  user's  set  of  input  variables. 

It  certainly  does  not  predict  what  are  the  absolutely  certain,  not  even 
the  probable,  outcomes  of  certain  activities  of  marine  transportation;  this 
is  because  the  VM  is  a tool  for  damage  assessment,  which  is  only  a part  of 
the  larger  problem  of  risk  analysis.  At  least  five  other  considerations, 
not  within  the  current  scope  of  the  VM,  are  required  to  perform  risk  analysis. 

(1)  The  probability  of  the  various  events  (the  spill,  the  wind 
direction,  the  material  spilled,  etc.)  predicating  a given  spill  scenario 
must  be  considered;  the  likelihood,  perhaps  even  the  possibility,  of  certain 
events  simulated  cannot  be  determined  without  further  research. 
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(2)  The  risk  of  damage  to  vulnerable  resources  presented  by  some 
facet  of  marine  transport  should  be  judged  relative  to  risks  presented  by 
other  endeavors.  For  example,  the  risk  associated  with  a particular  maritime 
activity  may  be  relatively  acceptable  if  it  is  less  than  the  risk  associ- 
ated with  some  other  form  of  bulk  transport,  such  as  rail,  truck,  or 
pipeline  transport. 

(3)  The  VM  is  not  providing  a cost/benefit  analysis  of  the  regulatory 
control  of  marine  transport  activities;  neither  is  it  determining  risks, 
including  economic  risk,  engendered  by  discontinuance  of  these  maritime 
activities.  For  example,  to  discontinue  shipment  of  chlorine  could  result 
in  a serious  water  quality  crisis;  to  stop  the  importation  of  LNG  could 
worsen  the  energy  crisis. 

(A)  In  modeling  complex  physical  processes,  it  has  been  necessary  to 
make  simplifying  assumptions.  A conservative  design  philosophy  guided  the 
development  of  models  used  in  the  VM;  consequently,  whenever  alternate 
approximations  were  available,  the  approximations  were  chosen  so  that  the 
VM  does  not  underestimate  damage.  This  conservative  model  design  philos- 
ophy has  a tendency  to  yield  high  estimates  of  damage;  thus,  if  a spill 
scenario  were  actually  repeated  many  times,  it  is  likely  that  only  a few 
occurrences  of  such  a scenario,  if  any,  would  yield  damage  as  large  as  that 
predicted  by  the  VM  simulation.  On  the  other  hand,  it  has  not  been  deemed 
feasible  or  appropriate  at  this  stage  of  VM  development  to  define 
quantitatively  the  "worst  case"  of  a spill  and  its  consequences. 

(5)  The  levels  of  risk  acceptable  to  our  dynamic  society  are  not 
well  defined,  are  changing,  and  are  not  truly  within  the  province  of  the 
VM;  judgments  regarding  these  levels  of  risk  are  to  be  determined  by  the 
policy  makers  and  public. 

The  preceding  strong  caveat  is  an  attempt  to  prevent  misinterpretation 
of  the  results  of  VM  simulations.  By  no  means  is  it  intended  to  discredit 
the  VM.  It  is  believed  that,  as  it  now  stands,  the  VM  is  a useful  tool  for 
the  risk  analysis  of  marine  spills;  with  further  development  and  Improvement 
the  VM  should  be  able  to  provide  even  more  utility  and  insight  into 
considerations  of  this  important  problem. 
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CHAPTER  2 


DESCRIPTION  OF  SUBMODELS  USED  IN  PHASE  I 
OF  THE  VULNERABILITY  MODEL 


Introduction 


This  chapter  describes  those  submodels  that  are  presently  Included  in 
Phase  I of  the  VM,  Because  the  air  dispersion  submodel  which  was  originally 
part  of  HACS  has  been  extensively  revised,  and  because  the  fire  and  explo- 
sion submodels  were  developed  almost  entirely  in  this  program,  these  sub- 
models are  discussed  in  some  detail  in  Chapters  3 and  4,  respectively.  The 
other  Phase  I submodels  were  developed  previously  under  USCG  sponsorship. 
Some  of  these  submodels  were  modified  somewhat  for  inclusion  in  the  VM. 
Detailed  descriptions  of  these  submodels  are  contained  in  the  CHRIS 
documentation.  The  Phase  II  submodels  (damage  assessment)  are  treated 
in  Chapter  6 and  associated  appendixes. 

The  submodels  used  in  the  VM  treat  the  physicochemical  processes 
affecting  the  spilled  hazardous  material;  at  the  present  time,  the  processes 
simulated  by  the  VM  may  be  classified  as  follows: 

1.  cargo  venting 

2.  spill  development  in  water 

A.  surface  spreading 

B.  water  mixing 

C.  sinking  and  boiling 

3.  air  dispersion 

4.  fire  and  explosion 

For  certain  of  these  processes  different  submodels  are  used,  depending  upon 
the  nature  of  the  spilled  substance.  Other  processes,  such  as  fire  and 
explosion,  consist  of  a sequence  of  dissimilar  events  so  that  the  computer 
simulation  consists  of  a sequence  of  submodels. 

The  selection  of  submodels,  the  flow  of  data,  and  the  sequencing  of 
submodel  execution  are  controlled  by  Internal  logic  embodied  in  the  Phase  I 
executive  subprogram.  The  decisions  made  by  the  Phase  I executive  are 
based  on  properties  of  the  cargo,  user  inputs,  results  computed  by  Phase  I 
subprograms,  or  some  combination  of  these.  A flow  chart  indicating  the 
sequence  of  subprogram  execution  and  the  important  decisions  determining 
branching  is  given  in  Figures  2-la  and  2-lb.  This  flow  chart  represents  the 
structure  of  Phase  I as  it  is  currently  programmed  in  the  operational  VM; 
the  analogous  flow  chart  for  a comprehensive  version  of  the  VM,  which 
version  would  be  the  ultimate  product  of  further  development,  is  presented 
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Definition  of 


FIGURE  2-la.  F^OW  CHART  FOR  PHASE  I DETAILING  SUBPROGRAM  SEQUENCING  AND  BRANCHING 
DECISIONS  FOR  CARGO  VENTING  AND  SPILL  DEVELOPMENT  IN  WATER 


Release  of  Gas  Directly 
or  from  the  Water  Surface 


and 

FIGURE  2-lb . FLOW  CHART  FOR  PHASE 
BRANCHING  DECISIONS  FOR  AIR  D 


with  an  explanatory  narrative  In  Appendix  A.  The  following  consists  of 
brief  discussions  of  the  computational  submodels  used  in  Phase  I. 

1.  Rate  of  Escape  of  Fluid  Cargo  [2,  Ch.  2] 

This  submodel  provides  a time  history  of  tank  conditions  and  venting 
rates  of  gas  or  liquid  subsequent  to  a rupture  in  the  tank  wall.  The 
venting  of  fluids  is  described  by  equations  applicable  to  ideal  fluid  flow; 
i.e.,  the  flow  is  assumed  to  be  inviscld.  Low  flow  rates  (caused  by  small 
vent  holes,  low  driving  pressures,  or  high  fluid  density)  and  high 
cargo  viscosity  are  two  factors  that  will  tend  to  make  the  inviscld 
assumption  invalid.  Since  viscous  effects  reduce  the  venting  rate,  this 
assumption  will  tend  to  cause  venting  rate,  and  therefore  combustion  and 
toxic  damage,  to  be  moderately  overestimated.  For  gas  venting  it  is  assumed 
that  the  perfect  gas  law  holds;  although  this  is  a rather  standard 
engineering  assumption,  the  fact  that  many  cargoes  of  in:erest  experience 
wide  swings  in  pressure  and  temperature  during  venting  may  introduce 
considerable  divergence  from  the  perfect  gas  law,  especially  for  certain 
cargoes.  Departure  from  the  perfect  gas  law  is  expected  to  Influence  damage 
estimates  only  slightly;  whether  damage  is  overestimated  or  underestimated 
by  use  of  this  approximation  is  not  clear  at  this  time  and  may  well  depend 
upon  the  cargo,  tank  pressure,  and  tank  temperature.  Equilibrium 
thermodynamic  relationships  are  assumed  to  be  valid  descriptors  of  the  non- 
equilibrium venting  processes;  this  assumption,  however,  is  virtually 
universally  in  engineering  and  is  not  expected  to  produce  any  significant 
error.  It  is  assumed  that  all  of  the  liquid  and  gas  inside  the  tank  is  at 
a uniform  temperature  during  each  step  of  the  venting  process;  this 
assumption  is  difficult  to  justify,  but  at  this  time  it  has  not  been  deter- 
mined to  what  extent  accuracy  is  compromised  by  the  errors  arising  from 
this  assumption.  Rapid  venting  will  tend  to  prevent  the  attainment  of 
thermal  equilibrium  inside  the  tank.  The  thermodynamic  process  experienced 
by  the  fluid  in  the  tank  is  assumed  to  be  either  adiabatic  or  isothermal. 

This  common  engineering  assumption  represents  the  limiting  cases  for 
polytropic  processes;  however,  the  actual  thermodynamic  process  experienced 
in  venting  may  be  some  other  polytropic  process  or  may  not  even  be  describable 
as  a polytropic  process.  These  assumptions  about  the  thermodynamic  process 
may  yield  considerable  error  in  the  estimate  of  venting  time  and  total  mass 
vented;  however,  further  study  is  required  to  quantify  the  extent  of  the 
error.  In  any  event,  assumptions  chat  underestimate  venting  rate  or  total 
mass  vented  will  tend  to  underestimate  damage.  Evidently,  the  more  mass 
of  hazardous  substance  escaping  from  the  vessel,  the  more  damage  it  is 
capable  of  producing.  Damage  will  be  greater  for  higher  venting  rates 
because  less  time  is  then  available  to  reduce  the  concentration  of  the 
hazardous  substance  to  acceptable  levels.  This  is  true  regardless  of  whether 
these  levels  are  related  to  toxic  damage  or  flammability  limits. 

Required  input  data  are: 

• initial  tank  conditions  (temperature,  pressure),  tank  volume  (and 
approximate  geometry),  and  initial  mass  content; 

• physical  and  chemical  properties  of  the  spilled  substance; 

• size  and  location  of  the  rupture. 
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If  the  tank  contains  only  gas  or  if  the  rupture  Is  above  the  liquid- 
vapor  interface,  only  gas  is  vented.  If  the  rupture  is  below  the  liquid- 
vapor  Interface,  only  liquid  is  vented;  however,  there  is  a provision  for 
changing  from  the  venting  of  liquid  cargo  to  the  venting  of  gaseous  cargo, 
if  and  when  the  liquid  level  falls  below  the  level  of  the  vent. 

This  is  an  acknowledged  deficiency  in  modeling  that  may  underestimate 
damage  for  releases  of  high  vapor  pressure  cargoes  (such  as  LNG  and  chlorine), 
when  the  vent  hole  i9  placed  near  the  top  of  the  tank,  but  below  the  initial 
liquid  level  in  the  tank. 

For  vented  gas,  the  flow  may  be  choked.  When  the  pressure  inside  the 
tank  is  sufficiently  large  with  respect  to  atmospheric  pressure  (as  a 
function  of  the  specific  heat  ratio  for  the  gas),  the  flow  that  will  occur 
at  the  hole  is  said  to  be  choked  flow.  The  functional  dependence  of  flow 
rate  on  tank  pressure  depends  upon  whether  the  flow  is  choked  or  not. 

This  submodel  is  employed  in  the  first  calculation  block  on  the  main 
flow  chart  presented  in  Appendix  A.  This  submodel  should  be  accurate  for 
many  fluid  cargoes,  except  highly  viscous  cargoes  carried  in  containers  with 
internal  pressures  near  atmospheric  pressure.  (The  model  is  not  valid  if  the 
Reynolds  number  is  too  small).  This  model  is  also  less  valid  for  very  high 
flow  rates,  when  the  mechanical  dynamics  as  well  as  the  thermodynamics  of 
the  fluid  in  and  exiting  from  the  container  become  important.  The  degree 
of  error  involved  by  neglecting  these  dynamic  effects  has  not  yet  been 
quantified,  but  neglect  of  dynamic  effects  probably  tends  to  underestimate 
damage. 


Spill  Development  in  Water 


Submodels  simulating  the  physical  processes  affecting  the  hazardous 
material  spilled  in  the  water  are  classified  in  the  categories  of  (A)  surface 
spreading,  (B)  water  mixing,  and  (C)  sinking  and  boiling. 


Surface  Spreading 


The  surface  spreading  submodel  treats  two  cases  of  an  immiscible 
liquid  on  the  water  surface:  (1)  simultaneous  spreading  and  evaporation  of 

a cryogenic  liquid  on  water  and  (2)  simultaneous  spreading  and  cooling  of  a 
high  vapor  pressure  chemical. 


(1)  Simultaneous  Spreading  and  Evaporation  of  a Cryogenic  Liquid 


This  submodel  estimates  the  spread  rate,  time  required  for 
complete  evaporation,  and  the  maximum  extent  ot  spread  of  a cryogenic  liquid 
floating  on  the  water  surface.  It  is  assumed  that  the  spill  occurs  instanta- 
neously, the  spread  area  is  continuous  at  every  instant,  and  the  heat  for 
evaporation  comes  primarily  from  water.  It  is  further  assumed  that  the 
properties  of  the  spilled  liquid  do  not  change  during  the  spread.  The  input 
data  required  include  the  properties  of  the  liquid  and  the  heat  transfer 
coefficient  between  the  liquid  and  water.  Since  the  heat  necessary  to 
evaporate  the  cryogen  comes  from  water,  the  water  may  freeze  and  an  icc  sheet 
may  be  formed  under  the  spreading  liquid.  The  submodel  treats  this  possibility. 
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The  assumptions  that  the  spill  is  Instantaneous  and  that  the 
spreading  is  continuous  are  made  for  model  development  purposes  only  and  do 
not  reflect  what  might  be  realistically  expected  to  occur  in  an  actual 
spill.  The  violent  agitation  of  the  Interface  between  the  water  and  the 
spilled  cryogenic  liquid  due  to  the  rapid  boiling  of  the  cargo  at  this  point 
may  keep  a solid  ice  sheet  from  forming  under  the  spill  and  may  make  the 
spill  pool  break  up  into  many  small  pools.  The  assumptions  that  the  spill 
is  instantaneous  and  that  the  spreading  is  continuous  tend  to  under- 
estimate the  extent  of  spreading  and  the  amount  of  the  cryogen  evaporated; 
thus  the  damage  caused  by  the  spill  may  be  moderately  underestimated. 

This  submodel  was  developed  primarily  for  liquid  natural  gas 
but  will  adequately  treat  spills  of  other  liquefied  hydrocarbons.  Although 
some  ammonia  may  go  into  solution  in  the  water,  this  submodel  is  being  used 
in  the  case  of  a liquid  ammonia  spill  at  this  time.  Liquid  anhydrous 
ammonia  is  not  normally  carried  in  refrigerated  containers;  treating 
it  as  a cryogen  is  thus  decidely  unconventional.  However,  the  proclsses  of 
venting  and  evaporation  will  tend  to  cocl  the  ammonia,  so  that  its  spill 
development  in  water  will  be  similar  to  that  of  a cryogen.  When  the 
development  of  the  VM  was  undertaken,  no  submodel  was  available  in  HACS 
which  considered  the  spread,  dissolution,  and  evaporation  of  a liquid  of 
finite  solubility  such  as  anhydrous  ammonia.  Furthermore  the  dissolution 
model  in  HACS  does  not  consider  evaporation.  The  analysis  performed  in  the 
A.  D.  Little  study  [4]  considered  the  dissolution  of  liquid  NH3  in  a highly 
idealized  context  with  no  surface  spreading.  This  analysis  was  thermo- 
dynamically based  and  is  not  easy  to  Incorporate  into  a model  that  considers 
the  diffusion  of  the  ammonia  into  the  water  and  the  transport  by  currents. 
Furthermore,  the  philosophy  in  the  VM  is  to  avoid  chemically  specific  sub- 
models. Therefore,  the  submodel  for  an  insoluble  cryogen  was  used.  Al- 
though use  of  this  submodel  for  a spill  of  liquid  ammonia  is  not 
altogether  appropriate,  it  is  the  best  choice  at  this  time. 

(2)  Simultaneous  Spreading  and  Cooling  of  a High  Vapor  Pressure 

Chemical  [2,  Ch.  10] 

This  submodel  is  used  to  estimate  the  extent  of  spread  and  the 
evaporation  rate  of  a high  vapor  pressure,  lighter-than-water  liquid  spilled 
on  water.  In  order  to  construct  a mathematically  tractable  submodel, 
spreading  and  evaporation  are  estimated  independently.  The  submodel 
utilizes  basic  concepts  of  spread  and  evaporation  caused  by  a vapor  pressure 
difference  between  the  liquid  surface  and  the  atmosphere. 

The  following  assumptions  are  made. 

(i)  All  of  the  liquid  is  spilled  instantaneously. 

(ii)  The  spreading  is  independent  of  evaporation. 

(ill)  Entire  liquid  mass  is  at  a single  temperature  (mixed 
mean  temperature)  at  every  instant  of  time;  that  is, 
there  are  no  thermal  gradients  in  the  liquid  mass 
itself. 


[4]  Raj,  P.  P.  K.,  J.  Hagopian,  and  A.  S.  Kalelkar.  Prediction  of  Hazards 
of  Spills  of  Anhydrous  Ammonia  on  Water.  Arthur  D.  Little,  Inc., 
Cambridge,  Mass.,  Jan.  1974.  D.O.T.  Report  No.  CG-D-74-74  (NTIS  AD 
779400). 


(iv)  Liquid  and  water  properties  are  constant. 

(v)  The  mass-transfer  coefficient  is  constant. 

(vl)  The  vapor  concentration  of  the  cargo  in  the  distant 
atmosphere  is  zero. 

(vll)  The  temperature  of  the  liquid  when  first  spilled  is  the 
same  as  that  of  the  water  temperature. 

Assumptions  (iv)  and  (vi)  appear  to  be  valid  and  do  not  seem  to  induce  any 
significant  errors.  Assumption  (vli)  may  not  be  correct  at  all  times  but 
probably  has  a small  effect  on  damage  compared  to  other  assumptions.  Assump- 
tions (ii)  and  (ill)  may  introduce  significant  errors  in  damage  assessment, 
but  the  error  will  in  general  overestimate  damage.  The  effect  of  assump- 
tions (i)  and  (v)  may  be  to  underestimate  damage  in  some  cases. 

Input  data  required  to  run  the  submodel  include  the  physical 
and  thermal  properties  of  the  spilled  substance  and  the  saturated  vapor 
pressure-temperature  relationship  for  the  substance. 

This  model  was  developed  with  extremely  high  vapor  pressure 
substances  such  as  diethyl  ether  and  ethyl  acetate  in  mind,  but  it  should 
also  serve  for  propylamine,  pentane,  ethyl  bromide,  and  other  petroleum 
derivatives.  The  VM  also  uses  this  submodel  for  gasoline. 

B.  Water  Mixing 

Two  submodels  for  the  mixing  of  a miscible  liquid  with  water  have 
been  selected  for  initial  inclusion  in  the  VM:  (1)  mixing  of  a neutrally 

buoyant  lxquld  and  (2)  mixing  of  a highly  soluble,  high  vapor  pressure  liquid. 

(1)  Mixing  and  Dilution  of  a Water-Miscible  Liquid  [2,  Ch.  A] 

This  submodel  estimates  the  concentration,  over  time,  of  a 
water-miscible  chemical  spilled  on  water.  Classical  diffusion  equations  are 
used,  strictly  applicable  to  neutrally  buoyant  solutes  (liquids  and  solids 
that  dissolve  in  water).  Both  instantaneous  and  continuous  spills  are 
considered.  Calculations  are  dependent  upon  the  state  of  the  water  surface  — 
calm  water,  tidal  river,  or  nontidal  river. 

It  is  assumed  that  there  is  no  rapid  settling  of  the  liquid 
due  to  high  density  of  the  spilled  chemical,  and  it  is  assumed  that  no  heat 
transfer,  chemical  reaction,  or  phase  changes  take  place  (l.e.,  it  is  assumed 
that  the  total  mass  of  the  liquid  which  is  mixing  with  water  remains  a 
constant).  As  long  as  these  constraints  on  the  nature  of  the  spilled  cargo 
are  adhered  to,  this  submodel  should  yield  reasonably  realistic  results; 
however,  3pllls  of  cargoes  that  are  not  neutrally  buoyant  may  behave  in  a 
manner  significantly  different  from  that  predicted  by  this  submodel.  The 
geometry  of  the  water  region,  stream  and  tidal  velocities,  total  mass  of 
liquid  spilled,  and  the  location  of  the  spill  are  required  input. 

This  submodel  is  very  detailed  in  its  treatment  of  the  currents 
and  density  gradients  in  the  water  but  does  not  consider  evaporation.  It  Is 
used  in  the  VM  to  calculate  the  concentration  of  methyl  alcohol  in  the  river. 
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(2)  Mixing  and  Dilution  of  a High  Vapor  Pressure,  Highly  Soluble 

Chemical  [2.  Ch.  11] 

This  submodel  estimates  the  vaporization  rate  as  well  as  the 
area  and  duration  over  which  the  evaporation  takes  place  for  the  spill  of  a 
high  vapor  pressure,  highly  soluble  liquid  on  water.  The  submodel  is 
basically  that  of  mixing  and  dilution  in  a river  of  uniform  velocity  over 
a cross  section.  For  the  navigable  rivers  of  primary  Interest  in  the  VM, 
the  assumption  of  a uniform  velocity  profile  is  quite  reasonable  since  the 
boundary  layers  on  the  channel  sides  and  bottom  are  small  compared  to  the 
stream  dimensions.  The  effect  of  the  approximation  on  damage  assessment  is 
difficult  to  determine  without  further  study.  It  is  first  assumed  that 
the  entire  liquid  spilled  goes  into  solution  in  water  and  the  concentration 
is  then  estimated.  The  vapor  pressure  (on  the  water  surface)  is  then 
calculated  and  the  vaporization  rate  is  estimated. 

The  basic  assumptions  are  as  follows. 


(i) 

The  air  is  saturated  with  vapor  just  above  the  water 
surface. 

(ii) 

The  chemical  spilled  reaches  the  temperature  of  the 
water  instantly. 

1 

(iii) 

i 

To  estimate  the  water  dispersion  (and  hence  surface 
concentration),  it  is  assumed  that  the  entire  mass  of 
the  liquid  spill  initially  goes  into  solution  with  water. 

(iv) 

An  Instantaneous  spill  at  a point  is  assumed  for 
calculating  the  water  dispersion. 

Of  these  assumptions,  the  last  (iv)  is  least  justifiable  and  most  likely  to 
j produce  error  in  the  damage  assessment;  for  the  case  of  relatively  long 

i spill  release  times,  the  model  may  tend  to  underestimate  the  evaporation  rate 

and  thereby  underestimate  the  damage  caused  by  the  dispersed  vapor.  The 
other  assumptions, (i) , (ii),  and  (iii),  seem  to  be  suitable  for  the  level  of 
accuracy  required. 

Required  inputs  include  the  mass  of  liquid  spilled,  saturated 
vapor  pressure  relationship  (at  water  temperature),  characteristics  of  the 
river, and  the  mass-transfer  coefficient  for  surface  evaporation. 


This  submodel  is  an  extension  of  the  previously  described 
submodel  to  Include  the  calculation  of  evaporation  rates.  In  order  to 
concentrate  on  this,  only  simple  water  conditions  are  considered.  This 
submodel  is  appropriate  for  spills  of  methyl  alcohol,  diethylamine,  or 
trimethylamine . 

C.  Bolling  of  Heavy  Liquids  with  Boiling  Temperatures  Less  than 
Ambient  (2,  Ch.  12) 

This  submodel  estimates  the  rate  of  boiling  for  immiscible  liquids 
having  densities  greater  than  that  of  water  and  having  boiling  points  below 
ambient  water  temperature.  Boiling  and  sinking  occur  at  the  same  time. 
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The  basic  assumptions  are  as  follows. 

(1)  The  liquid  spilled  breaks  up  into  small  drops  instantan- 
eously, and  these  drops  attain  terminal  velocities  in  a 
very  short  time  with  very  little  evaporation. 

(li)  All  of  the  drops  formed  are  of  the  same  size. 

(ill)  The  drop  cluster  formed  has  high  porosity;  that  is,  the 
inte' ' o distances  are  large  enough  so  that,  as  a first 
approximation,  the  effect  of  other  drops  on  the  motion  of 
any  single  drop  in  the  cluster  can  be  neglected.  In 
short,  it  is  assumed  that  the  motion  of  each  drop  is 
Independent  from  all  others. 

(iv)  The  critical  Weber  number  is  8;  that  is,  any  drop  moving 
at  a velocity  greater  than  that  for  which  the  Weber 
number  is  8 breaks  up  into  smaller  drops 

(v)  Forced  convection  heat  and  mass  transfer  results  are  assumed 
to  apply 

The  last  assumption,  (v),  seems  quite  acceptable.  Assumption  (iv)  may  not 
be  quite  true  since  boiling  simultaneous  with  sinking  is  liable  to  affect 
the  stability  of  the  droplets,  thereby  changing  the  critical  Weber  number; 
however,  the  error  introduced  into  the  damage  assessment  by  this  slightly 
to  moderately  inappropriate  assumption  is  expected  to  be  small.  Assumptions 
(1),  (11),  and  (Hi)  are  all  subject  to  challenge.  The  spilled  liquid 
may  tend  to  stay  together,  rather  than  break  up  into  widely  dispersed, 
uniform  droplets  as  assumed.  Nevertheless,  these  assumptions  will  all 
tend  to  produce  a rate  of  vapor  evolution  higher  than  that  which  will  actually 
occur.  Consequently,  the  damages  caused  by  the  air  dispersion  of  the  evolved 
vapor  are  liable  to  be  overestimated. 

The  density  and  surface  tension  of  the  spilled  liquid,  its  boiling 
temperature  at  atmospheric  pressure,  the  latent  heat  of  vaporization,  and  the 
temperature,  density,  specific  heat,  and  viscosity  of  the  water  are  needed 
for  these  calculations. 

This  submodel  is  appropriate  for  Freon  114  and  some  other  halo- 
genated-hydrocarbons . It  may  be  used  for  liquid  chlorine  spills;  however, 
since  chlorine  is  slightly  soluble  in  water,  some  chlorine  will  be  lost  by 
going  into  solution. 

3 . Atmospheric  Dispersion 

This  submodel  calculates  the  concentration  of  the  cargo  in  gas 
phase  in  the  air  from  the  time  the  gas  is  released  into  the  atmosphere 
until  a fire  or  explosion  occurs,  or  until  the  maximum  time  stipulated 
for  the  simulation  is  reached.  If  the  cargo  vents  as  a gas,  or  the  gas 
is  generated  by  a liquid  cargo  which  is  denser  than  water  and  which  has 
a boiling  point  higher  than  the  ambient  water  temperature,  the  source  of 
the  vapor  is  taken  to  be  a point  source.  If  the  gas  is  liberated  by 
evaporation  from  a pool  of  liquid  cargo  on  the  water  surface,  the  point 
source  is  removed  to  a virtual  position  five  pool  diameters  upwind. 
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The  8 ub model  Is  based  on  the  Gaussian  distribution,  which  is  a 
theoretical  solution  to  the  partial  differential  equation  governing 
diffusion  problems.  The  dispersion  coefficients  used  in  the  Gaussian 
distribution  are  obtained  from  the  analysis  of  many  observations  of 
plumes  from  tall  stacks  and  of  puffs  of  smoke  or  some  other  tracer.  Plumes 
result  from  continuous  releases,  whereas  puffs  result  from  Instantaneous 
releases.  Puffs  are  three-dimensional  Gaussian  distributions  in  which  the 
dispersion  coefficients  depend  upon  the  distance  traveled  by  the  puff 
center-of-mass.  The  plume  is  a two-dimensional  Gaussian  distribution  in 
which  the  dispersion  coefficients  depend  upon  the  distance  downwind  from 
the  source  to  the  observation  point.  The  values  for  dispersion  coefficients 
that  have  been  compiled  are  based  on  data  in  which  the  distances  (distance 
travelled  for  the  puff  - distance  downwind  for  the  plume)  range  from 
approximately  100  meters  to  several  kilometers;  for  calculations 
involving  short  or  long  distances  extending  beyond  the  range  covered  by 
experiment,  the  VM  uses  values  for  the  dispersion  coefficients  extra- 
polated from  ti.«s  empirical  values.  Extrapolation  far  back  from  100 
meters  toward  zero  may  yield  inaccurate  concentration  values;  a model, 
other  than  the  Gaussian  plume  model,  is  probably  mere  appropriate  for 
small  distances  ('vlO  meters). 

The  dispersion  coefficients  are  parameterized  on  the  basis  of  the 
atmospheric  stability  or  the  turbulence  class.  The  atmospheric  stability 
is  related  to  the  amount  of  mixing  in  the  lowest  several  hundred  meters 
of  the  atmosphere,'  which  is  strongly  dependent  upon  the  variation  of  the 
temperature  and  wind  velocity  as  functions  of  height  and,  near  the 
ground,  upon  the  surface  roughness.  The  teoperature  structure  is,  in 
turn,  dependent  on  the  amount  of  heat  from  the  sun  reaching  the  ground 
and  on  the  absorption  properties  of  the  ground.  Criteria  for  determining 
the  stability  class  based  on  these  factors  are  given  in  standard  references 
(see  for  example,  Slade  ( 5 J as  explained  in  Chapter  3). 

At  present,  the  submodel  will  select  the  plume  (continuous  source 
Gaussian  distribution)  if  the  total  release  time  is  longer  than  five 
time  steps,  although  the  user  may  specify  that  the  puff  (instantaneous 
source)  Gaussian  distribution  be  used  regardless  of  the  release  time. 

It  is  presumed  that  the  time  steps  are  chosen  to  be  related  to  certain 
advection  times  as  explained  elsewhere.  Furthermore,  the  plume  model  is  not 
used  for  wind  speeds  of  less  than  2 meters  per  second,  because  it  is  not 
valid  for  light  winds.  The  plume  model  does  not  allow  for  diffusion  in  the 
direction  of  the  wind,  so  the  discontinuous  changes  In  concentration  at  the  upstream 
and  downstream  ends  of  the  modeled  plume  are  more  abrupt  than  in  reality. 

The  puff  model  has  the  puff  center  leaving  the  source  position  when  the 
gas  liberation  begins,  but  the  total  mass  in  the  puff  Increases  as  the 
mass  of  gas  liberated  Increases.  Neither  of  these  aspects  of  the  model 
is  wholly  satisfactory,  but  no  analytic  models  for  short  plumes  or  long 
puffs  are  currently  available. 


15] 


Slade,  D.  H.  (ed.).  Meteorology  and  Atomic  Energy  1968.  U.  S.  Atomic 
Energy  Commission,  Oak  Ridge,  Tenn.,  July  1968.  (NTIS  TID-24190) 
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Implicit  in  the  Gaussian  model*  is  the  assumption  that  the  wind  { 

velocity  is  not  a function  of  time  or  position.  For  the  plume  model,  the 
effects  of  surface  roughness  and  the  meandering  of  the  plume  with  time  | 

may  be  approximated  by  adjustments  to  the  dispersion  coefficients.  How™  \ 

ever,  one  value  of  the  surface  roughness  must  be  taken  for  the  entire 
area  of  Interest.  The  meandering  adjustment  changes  the  time-average 
concentration  but  does  not  attempt  to  model  the  statistical  fluctuations 
of  the  concentration  within  that  averaging  period.  Buoyancy  effects  are 
not  considered  in  either  the  plume  or  the  puff  model. 

Because  the  Gaussian  models  were  based  on  data  gathered  from  dilute 
plumes  and  puffs,  their  use  for  very  concentrated  cases,  as  in  the  VM,  is 
an  extrapolation.  When  the  puff  model  was  used  close  to  a very  large 
spill  of  material  which  vaporizes  quickly,  the  model  originally  gave 
concentrations  which  were  higher  than  the  density  of  the  cargo  vapor  at 
ambient  atmospheric  temperature  and  pressure.  The  puff  model  has  been 
modified  to  preclude  this  by  allowing  a region  of  pure  cargo  vapor 
surrounded  by  a region  in  which  the  concentration  decreases  in  the  Gaussian 
fashion.  The  pure  cargo  vapor  concentration  is  at  the  proper  density 
for  ambient  conditions.  This  modified  distribution  is  used  only  when 
the  regular  puff  model  would  give  unrealistically  high  concentrations. 

The  air  dispersion  submodel  is  presently  being  used  only  for  the 
case  of  cargo  vapors  in  the  air,  even  though  this  submodel  is  also  appli- 
cable to  cases  in  which  the  cargo  material  is  suspended  in  very  fine 
solid  or  liquid  particles.  Currently,  loss  mechanisms  are  not  Included, 
nor  are  reactions  taken  into  account.  The  possibility  of  the  formation 
of  a fog  by  the  cargo  droplets  or  by  the  cooling  of  the  air  to  form 
water  droplets  is  not  considered.  The  effects  of  precipitation  upon  the 
concentration  are  not  considered,  except  insofar  as  the  precipitation  may 
affect  the  stability  class. 

The  data  Inputs  required  for  this  submodel  are:  wind  speed,  stability 
class,  spill  location,  pool  diameter,  and  the  rate  of  cargo  vapor  libera- 
tion. A flag  may  specify  if  the  puff  model  is  to  be  used  regardless  of 
the  gas  escape  rate.  This  submodel  is  discussed  in  more  detail  in 
Chapter  3 and  Appendix  B. 

4.  Fire  and  Explosion 

This  group  of  submodels  determines  whether  a flammable  cargo  will  be 
ignited  and  then  determines  the  physical  characteristics  of  the  resulting 
combustion  (fire,  explosion,  or  both).  Four  types  of  fire  and  explosion 
phenomena  are  modeled  in  this  section  of  the  VM;  they  are:  (A)  ignition, 

(B)  explosion,  (C)  flash  fire,  and  (D)  pool  burning.  The  modeling  of  the 
phenomena  of  fire  and  explosion  proceeds  in  three  temporal  phases.  First 
the  decision  of  whether,  when,  and  where  ignition  occurs  is  made  by  the 
Internal  computer  logic  based  on  user  inputs,  results  computed  by  submodels, 
and  the  properties  of  the  cargo.  Subsequent  to  ignition, either  an  explosion 
or  a flash  fire  is  modeled,  depending  on  the  type  of  ignition  source 
specified  by  the  user,  as  explained  below.  Following  either  of  these 
events,  the  burning  of  flammable  liquid  on  the  water  surface,  if  any 
liquid  remains,  is  modeled;  currently,  burning  from  a vessel  venting  flam- 
mable fuel  is  not  modeled.  In  addition,  the  user  may  specify  that  ignition 
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occurs  st  the  spill  site  so  that  only  pool  burning  results.  The  treatment 
of  (A)  ignition,  (B)  explosion,  and  (C)  flash  fire  Is  presented  in  greater 
detail  in  Chapter  4;  a more  complete  evaluation  of  the  acceptability  of 
the  assumptions  used  to  develop  these  models  is  given  there. 

A.  Ignition 

This  submodel  determines  whether  Ignition  occurs,  which  ignition 
source  originates  the  ignition,  and  at  what  time  during  the  simulation  the 
ignition  takes  place.  All  Ignition  sources  are  assumed  to  be  located  at  the 
grid  cell  centers.  This  assumption  is  not  realistic,  especially  in  an 
urban  area,  but  is  an  expendient  measure  used  to  avoid  a detailed  and 
costly  specification  of  the  boundaries  of  each  grid  cell.  In 
some  cases,  this  assumption  will  cause  explosion  and  fire  damage  to  be 
overestimated,  since  the  size  and  travel  of  the  flammable  cloud  vill  be 
greater  for  delayed  ignition  at  the  cell  center  than  for  ignition  at  a cell 
boundary.  In  other  cases,  however,  ignition  will  not  be  simulated  when,  in 
fact,  it  would  occur,  because  the  concentration  of  the  vapor  at  the  cell 
center  is  below  flammable  limits,  even  though  the  concentration  is  within 
flammable  limits  elsewhere  in  the  cell.  The  user  predetermines  whether  a 
given  ignition  source  will  cause  fire  or  explosion.  This  a priori 
determination  of  the  nature  of  combustion  may  produce  the  simulation  of  an 
explosion  when,  in  fact,  an  explosion  is  unlikely  or  even  Impossible. 

This  expediency  is  justified  by  the  lack  of  a general  theory  to  predict 
the  combustion  behavior  of  unconfined  flammable  vapor  clouds.  In  addition 
to  lack  of  agreement  about  the  conditions  under  which  unconflned  vapor 
clouds  ignite, a technical  determination  of  combustion  behavior  is  further 
inhibited  by  the  difficulty  in  specifying  certain  parameters  known  to 
Influence  combustion  behavior.  Por  example,  an  initiating  detonation  of 
sufficient  strengrh  may  Induce  the  detonation  of  a contiguous  unconflned 
vapor  cloud;  however,  the  strength,  tima,  and  location  of  an  initiating 
detonation  that  arises,  say,  from  the  seepage  of  the  flammable  vapor  into 
a confined  space  (such  as  a building  enclosing  electrical  equipment)  are 
very  difficult  parameters  to  compute  or  even  estimate.  The  user  also 
specifies  the  strength  of  the  ignition  source.  The  classification  of 
ignition  sources  according  to  potency  is  based  on  the  NFPA  classification 
of  flammable  liquids  16],  Flammable  liquids  are  classified  according  to  ease 
of  ignition  by  flashpoint;  the  higher  the  flashpoint  of  a liquid  the  more 
difficult  that  liquid  is  to  ignite.  As  discussed  in  more  detail  in  Chapter 
4,  the  use  of  the  concept  of  flashpoint  to  grade  ignition  sources  is  a 
rather  unconventional  technique,  adopted  in  the  VM  so  that  the  user  has  the 
option  of  changing  a simulation  by  only  type  of  flammable  substance 
spilled,  yet  obtaining  combustion  in  one  case  and  not  in  the  other.  Ignition 
sources  are  so  designated  that  the  NFPA  class  of  liquids  they  can  ignite  is 
known;  of  course,  all  liquids  more  flammable  than  the  designated  class  are 
also  assumed  to  be  ignited  by  that  same  ignition  source. 

This  submodel  uses  basic  physicochemical  principles  to  determine 
the  ignition  event.  There  are  three  requirements  for  combustion:  (1)  fuel, 

(2)  oxidizing  agent,  and  (3)  Ignition  source.  The  user  will  specify 
whether  a given  grid  cell  contains  an  ignition  source.  The  fuel  is  provided 


[6]  Tyron,  G.  H.  (ed.).  Fire  Protection  Handbook,  13th  ed. 
Protection  Association,  Boston,  1969. 
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by  the  dispersed  flammable  vapor,  vharaaa  th®  oxidising  agent  is  provided  by 
the  oxygen  in  the  air.  Since  combustion  will  occur  only  over  a certain 
range  of  fuel-air  ratios,  the  decision  that  coabuetion  occurs  will  be  nade 
only  if  the  vapor  concantration  in  a given  cell  is  within  the  flaastability 
Halts  for  the  substance  under  consideration  and  the  given  cell  contains  an 
ignition  source  of  strength  sufficient  to  Ignite  the  spilled  cargo.  The 
user  aust  use  judgment  in  specifying  an  ignition  source  and  its  strength 
at  a given  location.  Rural  areas  should  have  fewer  ignition  sources  per 
unit  area,  idiereas  urban  areas  should  have  a greater  concentration  of  ignition 
sources.  Ignition  sources  specified  for  residential  and  recreational  areas 
should  be  less  potent  than  those  specified  for  heavy  Industrial  areas 
containing  facilities, such  as  welding  shops  and  saelters,  that  are  very 
powerful  sources  of  ignition. 

The  input  data  required  for  this  submodel  are: 

a type  (fire  or  explosion)  of  ignition  source  for  each  grid  cell* 

• potency  class  of  each  ignition  source; 

e flashpoint  of  the  spilled  substance; 

e upper  and  lower  flammability  limits  of  the  spilled  substance; 

e concentration  of  the  air-dispersed  cargo  for  the  time  and  grid 
cell  location  under  consideration. 

B.  Explosion 

This  submodel  calculates  the  peak  overpressure  and  the  dynamic 
Impulse  generated  by  the  explosion  of  a flammable  cargo-air  mixture.  In 
addition  to  these  variables  required  for  damage  assessment  in  Phase  II, 
the  explosive  yield  and  TNT  equivalent  are  also  determined. 

This  submodel  assumes  the  following. 

e The  exploding  mass  acts  like  a condensed  phase  explosive  (high 
explosive)  located  on  the  vater  or  land  surface. 

• The  explosive  yield  is  given  by  the  product  of  the  heat  of  com- 
bustion per  unit  mass  an-  the  total  mass  of  fuel  participating 
in  the  explosion. 

• Only  that  portion  of  the  fuel-air  mixture  with  a concentration 
between  the  explosive  limits  can  contribute  to  the  explosive 
yield.  For  that  part  of  the  fuel-air  mixture  richer  than 
stoichiometric,  but  leaner  than  the  upper-explosive-llmlt  con- 
centration, only  that  fraction  of  fuel  for  which  there  is 
sufficient  oxygen  for  complete  burning  contributes  to  the 
explosive  yield. 

e The  well-known  scaling  laws  for  explosions  are  assumed  to  hold. 

This  model  requires  as  input  the  time  of  ignition,  the  parametric 
values  determining  the  concentration  in  space  at  the  time  of  Ignition,  the 
heat  of  combustion  of  the  fuel  (cargo),  the  location  of  the  explosion 
epicenter,  and  the  atmospheric  temperature  and  pressure. 
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C.  Flash  Fire 


This  Bubaodel  calculates  the  effective  radiation  intensity  level 
and  the  effective  radiation  duration  resulting  from  the  flash  fire.  The 
flash  fire  is  considered  to  be  the  rapid  combustion  without  detonation 
of  the  fuel-air  layer  preaixed  within  the  flammable  concentration  limits. 

The  heat  generated  essentially  instantaneoualy  by  combustion  is  assumed 
to  be  loat  froa  the  combustion  layer  entirely  by  radiation;  thus  the 
radiation  loss  as  a function  of  time  may  be  calculated.  In  order  to  fit 
In  with  the  computational  procedure  in  Phase  II,  this  time-varying  radia- 
tion level  is  represented  by  a fixed  radiation  level  (the  effective 
radiation  level)  and  an  effective  duration. 

This  submodel  assumes  the  following. 

e Only  that  portion  of  the  fuel-air  mixture  within  the  flanaable 
limits  burns  and  then  only  to  the  extent  permitted  by  the  local 
oxygen  concentration. 

e The  energy  released  by  combustion  is  mixed  uniformly  throughout 
the  combustion  layer. 

a The  heated  combustion  layer  loses  energy  entirely  by  radiation. 

a The  emls8lvlty  of  the  layer  is  taken  to  be  unity. 

a The  effective  duration  is  three  times  the  time  required  to  reach 
the  temperature  given  by  the  average  of  peak  temperature  and 
ambient  temperature. 

a The  radiation  intensity  is  that  level  emitted  by  the  layer  when 
its  temperature  is  the  average  of  the  peak  temperature  and  ambient 
temperature. 

a The  radiation  from  the  flash  fire  is  allowed  to  affect  only  those 
portions  of  space  Inside  the  burning  layer. 

The  input  data  required  for  this  submodel  include  the  time  of 
ignition,  the  parametric  values  determining  the  spatial  concentration  at 
the  time  of  Ignition,  the  heat  of  combustion  of  the  fuel  (cargo),  and  the 
ambient  temperature. 

D.  Pool  Burning 

This  submodel  calculates  the  duration  and  magnitude  of  thermal 
radiation  emitted  by  a burning  pool  of  flammable  cargo;  the  radiation 
level  is  calculated  for  any  desired  point  in  space.  This  submodel  is 
comprised  of  the  following  submodels: 

(1)  flame  size; 

(2)  thermal  radiation  from  flames; 

(3)  radiation  view  factor  between  an  Inclined  flame  and  an 
arbitrarily  oriented  surface  in  space; 

(4)  burning  time. 


. 28 


The  pool  burning  submodel  calls  submodels  (1),  (2),  and  (4)  above  once 
for  the  entire  grid  structure;  submodel  (3)  is  called  for  each  grid  point. 
The  burning  time  [submodel  (4))  is  the  same  for  all  grid  cells.  The  flame 
site  calculation  (1)  is  used  as  input  to  the  thermal  radiation  calculation 
(2)  which  in  turn  is  used  with  the  view  factor  calculation  (3)  to  give  the 
radiation  intensity  at  the  selected  spatial  location.  In  the  following 
discussion,  these  four  submodels,  comprising  the  pool  burning  submodel,  are 
described  in  more  detail. 

(1)  Flame  Size 


This  submodel  calculates  the  height,  diameter,  and  angle  of 
inclination  of  the  flame  from  a burning  pool;  the  wind  bloving  across  the 
pool  surface  causes  the  flame  to  be  inclined  with  respect  to  the  normal  to 
the  pool  surface.  The  details  of  this  submodel  are  given  in  the  CHRIS 
documentation  [2,  Ch.  6). 

The  formulas  used  to  calculate  flame  height,  diameter,  and 
inclination  angle  are  empirical  expressions  obtained  by  curve-fitting 
experimental  data.  The  major  assumption  for  these  models  then  is  that 
relationships  obtained  under  laboratory  conditions  may  be  extended  to  larger 
scale  occurrences  in  the  field.  Although  large-scale  events  will  probably 
behave  very  much  like  small-scale  laboratory  experiments,  provided  all 
experimental  conditions  other  than  size  are  duplicated,  the  fact  is  that  the 
conditions  in  the  field  are  different  from  those  in  the  laboratory.  Perhaps 
the  most  significant  difference  is  chat  in  the  laboratory  an  effort 
is  made  to  keep  wind  velocity  constant,  whereas  in  the  fl^ld  the  wind  gusts, 
changing  both  speed  and  direction.  At  this  time,  the  effect  of  these 
discrepancies  on  damage  assessment  is  not  known. 

The  data  required  for  this  submodel  are: 

e liquid  burning  rate 

• pool  diameter 

e wind  velocity 

(2)  Thermal  Radiation  From  Flame 


This  submodel  calculates  the  radiant  heat  flux  Incident  on  a 
receptor  at  some  distance  from  a burning  pool.  A detailed  discussion  of  this 
submodel  is  given  in  the  CHRIS  documentation  (2,  Ch.  7]. 

The  flame  from  the  burning  pool  is  modeled  as  a cylindrical 
radiator  of  uniform  temperature;  this  constitutes  the  major  assumption  of 
this  submodel.  The  cylindrical  radiator  is  allowed  to  be  inclined  with 
respect  to  the  vertical.  The  atmospheric  transmissivity  and  flame 
emi8sivlty  are  assumed  to  be  one,  l.e.  the  atmosphere  is  not  allowed  to 
absorb  radiant  energy  and  the  flame  is  treated  as  an  ideal  black  body 
radiator.  These  assumptions  about  atmospheric  transmissivity  and  flame 
emlsslvlty  are  not  correct;  however  the  degree  of  error  induced  in  the 
damage  assessment  by  the  use  of  these  assumptions  is  unknown.  The  assumption 
that  the  flame  is  a cylindrical  radiator  of  uniform  temperature  is  more 
realistic  and  probably  has  a negligible  effect  on  the  estimation  of  damage. 
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The  Input  data  required  by  thir.  submodel  are: 

a flame  height,  diameter,  and  inclination  angle; 

a location  of  the  receptor  with  respect  to  the  burning 
pool; 

a the  adiabatic  flame  temperature. 

(3)  Radiation  View  Factor  Between  an  Inclined  Flame  and  an 

Arbrltrarlly  Oriented  Surface  in  Space 

This  submodel  calculates  on,  a normalized  basis,  the  view  factor 
between  a cylindrical,  inclined  flame  and  a receptor;  the  receptor  is 
assumed  to  be  oriented  with  respect  to  the  flame  so  that  it  receives  the 
maximum  possible  radiation  flux.  As  discussed  in  many  standard  texts  on  heat 
transfer,  for  example  Eckert  and  Drake  (7],  the  view  factor  is  a purely  geo- 
metrical property  of  the  spatial  arrangement  of  the  flame  and  receptor.  Thus 
no  physical  assumptions,  except  those  basic  to  radiant  heat  transfer,  are 
required  by  this  model. 

The  input  data  required  by  this  submodel  ere  the  same  as  for 
(2)  above,  namely: 

• flame  height,  diameter,  and  inclination  angle; 

• the  location  of  the  receptor. 

(4)  Burning  Time 

This  submodel  calculates  the  length  of  time  the  pool  will 
continue  to  burn  after  it  is  ignited. 

It  is  assumed  that  the  pool  is  extinguished  when  all  of  the  fuel 
remaining  in  the  pool  at  the  time  of  ignition  is  burned  up.  It  is  further 
assumed  that  fuel  leaves  the  pool  not  by  evaporation  or  water  mixing,  but 
only  by  burning.  The  burning  time  is  calculated  by  the  following: 


where 


A r 
p b 


tfe  - pool  burning  time  (s) ; 

V - volume  of  fuel  remaining  in  the  pool  at  the  time  of 
^ ignition  (m^); 

2 

Ap  ■ area  of  the  pool  at  the  time  of  ignition  (m  ); 
r,  * burning  rate  of  the  fuel  (ro/s). 

D 


[7]  Eckert,  E.  R.  G.,  and  R.  M.  Drake.  Heat  and  Mass  Transfer.  McGraw-Hill, 
New  York,  1959. 
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The  assumption,  implicit  in  the  above,  that  spreading  stops  after  Ignition, 
is  subject  to  dispute.  However,  at  the  present  time,  no  analysis  is  extant 
which  treats  the  spread  of  a burning  pool  of  spilled  cargo.  Certainly 
spreading  rate  will  be  reduced  after  ignition,  because  mass  is  being  reduced 
by  combustion. 


The  data  required  for  this  submodel  are  the  volume  of  cargo 
remaining  in  the  pool  at  the  time  of  ignition,  the  area  of  the  pool  at 
ignition  time,  and  the  burning  rate  of  the  cargo. 


31 


CHAPTER  3 


AIR  DISPERSION 


In  order  to  affect  the  vulnerable  resources,  the  spilled  material 
must  be  transported  away  from  the  spill  site  and  dispersed  in  the  air 
and  water  in  the  vicinity  of  the  spill.  This  dispersion  la  the  result 
of  a number  of  natural  phenomena.  The  most  important  of  these  phenomena, 
however,  are  the  convection  of  the  material  with  existing  currents  in  the 
air  and  water  and  the  diffusion  of  the  material  from  a small  volume  of 
high  concentration  to  form  a larger  volume  of  low  concentration.  These 
mechanisms,  over  which  man  has  very  little  control,  seriously  increase 
the  hazard  from  the  spill  and  hinder  the  cleanup  efforts. 

Although  there  is  no  Intention  to  undervalue  the  serious  consequences 
of  the  cargo's  dispersion  in  the  water,  the  effects  of  the  hazardous  material 
in  the  water  are  neither  immediate  nor  violent  in  most  cases.  There  may 
be  sufficient  time  to  shut  down  the  water  Intakes  to  water  supply 
systems,  close  shellfish  beds  to  harvesting,  or  warn  the  populace 
against  eating  fish  caught  from  a certain  section  of  the  river.  But 
the  effects  of  the  dispersion  of  the  cargo  in  the  air  may  be  of  immediate 
significance.  A fire  or  explosion  may  devastate  part  of  a city  or  town, 
perhaps  killing  many  people,  or  toxic  vapors  could  cause  numerous 
casualties  in  a matter  of  minutes  or  hours.  Thus  the  air  dispersion 
submodel  is  of  particular  Importance,  because  air  dispersion  is  much 
faster  than  water  dispersion,  combustion  can  take  place  in  air  but 
not  in  water,  and  people  can  be  injured  very  rapidly  by  inhalation  of 
toxic  gases  or  by  asphyxia. 

The  air  dispersion  submodel  calculates  the  location  and  concentration 
of  the  cargo  in  the  air  from  the  time  that  is  escapes  until  the  time  that 
there  is  no  further  interest  in  its  dispersion.  At  this  time,  the  dis- 
persion of  the  cargo  in  the  all  is  treated  only  if  the  cargo  is  in  the 
gas  phase.  The  air  dispersion  of  particulates  and  aerosols  is  not  cur- 
rently treated,  although  the  same  Gaussian  models  may  be  applied,  as  is  or 
modified  to  Include  loss  mechanisms  and  reactions.  The  escape  of  the  gas 
may  be  by  direct  venting  from  a tank  or  by  means  of  evaporation  or 
boiling  from  a pool  of  spilled  liquid  cargo.  The  case  of  a liquid 
cargo  which  is  denser  than  water  and  has  a boiling  point  lower  than  the 
ambient  water  temperature  is  also  considered.  In  this  case,  the  gas  is 
liberated  at  the  water  surface.  Mechanisms  which  might  be  investigated 
for  future  inclusion  Include  loss  by  chemical  reactions,  scavenging  by 
aerosols,  rainout  (loss  of  the  vapor  by  going  into  solution  in  the 
raindrops),  and  impingement  upon  vegetation. 
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Preceding  page  blank 


Basis  of  the  Submodel  - Gaussian  Distribution 

Almost  every  model  of  atmospheric  dispersion  employs  one  of  two 
approaches,  or,  occasionally,  some  combination  of  the  two.  These  approaches 
are  the  Gaussian  distribution  and  the  finite-difference  model.  These 
approaches  are  quite  different  in  use  and  in  their  basic  assumptions.  The 
Gaussian  models  are  semi-empirical  and  are  dependent  upon  the  deter- 
mination of  certain  parameters  from  experiments.  The  finite-difference 
models  operate  from  basic  laws  of  fluid  dynamics.  CHRIS  and  MACS  have 
chosen  to  utilize  Gaussian  models,  and  the  VM  is  currently  using  Gaussian 
models . 

The  finite-difference  models  operate  by  the  repetitious  application  of 
basic  equations  at  many  points  in  space  for  a number  of  time  steps.  There 
are  no  analytic  means  by  which  the  concentration  at  the  30th  time  step  can 
be  calculated  - the  program  must  proceed  through  the  first  29  time  steps 
first.  Other  drawbacks  of  the  finite-difference  models  are  that  they  require 
a regular  grid  and  that  special  precautions  must  be  taken  at  the  edges  of 
the  grid  to  ensure  that  the  presence  of  the  edges  does  not  affect  the  results. 
The  accuracy  of  the  results  is  primarily  dependent  upon  the  fineness  of  the 
mesh. 

Once  the  grid  network  is  set  up  and  the  date  storage  and  manipulation 
problems  are  solved,  the  finite-difference  model  is  very  flexible  insofar  as 
physical  phenomena  are  concerned.  The  statements  of  the  basic  equations 
occupy  only  a small  part  of  the  program,  and  features  such  as  buoyancy  and 
the  change  of  wind  velocity  with  time  or  position  may  be  easily  incorporated. 
The  case  in  which  the  wind  speed  is  zero  or  very  close  to  zero  causes  no 
special  problems.  Removal  and  generation  terms  may  also  be  added  to  the 
equations  in  a fairly  straightforward  manner.  But  the  finite-difference 
models  occupy  more  storage  space  and  take  much  more  computer  time  than  ;he 
Gaussian  models. 

CHRIS  and  HACS  use  Gaussian  air  dispersion  models.  Although  Raj  and 
Kalelkar  [2)  discuss  both  the  plume  (continuous  source)  model  and  the  puff 
(instantaneous  source)  model,  only  the  puff  model  was  programmed  for  HACS 
at  the  time  HACS  was  received.  Because  of  the  use  of  Gaussian  models  by 
CHRIS  and  HACS  and  because  of  attempts  to  economize  on  both  computer  storage 
and  running  time,  Gaussian  models  are  used  in  the  VM  as  well. 

Since  the  Gaussian  models  are  largely  empirical,  one  must  always 
be  careful  that  they  are  not  used  to  simulate  conditions  which  are  widely 
different  from  those  under  which  they  are  validated.  Specifically,  the 
diffusion  coefficients  have  been  obtained  for  plumes  and  puffs  which  are 
diffuse  and  for  which  the  tracer  gas  or  smoke  has  a density  close  to  the 
density  of  air.  For  the  case  of  a vapor  which  has  a density  quite 
different  from  that  of  air,  or  for  the  case  in  which  the  vapor  is  very 
concentrated,  say.  more  than  several  percent,  the  Gaussian  models  would 
have  to  be  applied  with  caution.  Since  the  model  does  not  operate 
directly  from  basic  physical  principles,  the  modification  of  the  model 
to  account  for  effects  such  as  buoyancy  is  not  straightforward  and  may 
require  experimental  validation. 
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In  addition  to  speed  of  operation,  the  Gaussian  models  have  two 
advantages  in  being  analytic  expressions.  First,  the  time  step  can  be 
chosen  on  the  basis  of  the  times  at  which  an  output  is  desired,  and  it  is 
not  necessary  to  evaluate  the  expression  at  intermediate  times  to  obtain 
a concentration  at  a desired  time.  Second,  the  concentration  can  be  cal- 
culated for  any  arbitrary  location  and  only  for  that  location.  The  finite- 
difference  model  requires  that  the  concentration  at  all  grid  points  be 
calculated  at  each  time  step.  The  concentration  in  a Gaussian  model  may  be 
found  for  any  point  at  any  time  without  calculating  that  for  other  points 
and  times.  And  the  Gaussian  models  do  not  require  any  regular  grid  system. 
This  feature  is  quite  valuable  in  the  VM  where  to  facilitate  model  testing 
the  present  grid  system  is  based  on  census  tracts,  which  are  irregular  in 
density  and  distribution. 

Description  of  the  Submodels 

The  basic  mathematics  for  both  the  puff  and  the  plume  is  contained  in 
Chapter  5 of  (2).  The  concentration  at  some  point  (x,  y,  z ) at  time  t is 
given  for  the  puff  model  by 


C(x,y, z, t) 
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and  for  the  plume  model  by 


C(x,y,z,t) 
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The  following  nomenclature  is  used: 


o , 

X 


o 

z 


c 

M 

U 

Q 


diffusion  coefficients  (in) 


concentration  for  an  Instantaneous  release, 
(kg/m3) 

concentration  for  a continuous  release,  i.e 


i.e. , puff 

3 

, plume  (kg/m  ) 


mass  of  vapor  liberated  (kg) 

wind  speed  (m/s) 

rate  of  vapor  liberation  (kg/s) 

Cartesian  coordinates  with  the  origin  at  the  source  of  the 
air  dispersion  material.  The  wind  is  taken  to  blow  toward 
the  positive  x-direction.  The  vertical  coordinate  is  z. 
The  cross-wind  coordinate  is  y. 


Note  that,  as  explained  in  the  following  discussion,  the  o's  in  equation  (3-1), 
which  depend  on  the  distance  travelled  by  the  center  of  the  puff,  are  different 
from  the  o's  in  equation  (3-2),  which  depend  on  the  distance  (x)  downwind 
from  the  source. 
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For  Che  venting  of  che  cargo  in  Che  gaseous  state,  che  coordinate 
system  has  Che  origin  at  che  spill  location.  For  che  release  of  vapor  by 
evaporation  from  a pool  of  liquid  cargo  on  the  water  surface,  the  coordinate 
system  has  the  origin  five  pool  diameters  upwind  of  th<>  pool  center.  The 
positive  x axis  is  oriented  in  the  direction  toward  which  the  wind  is 
blowing.  The  2 ■ 0 plane  is  the  water  surface,  and  for  venting  gas  ic  is 
assumed  that  the  vent  is  at  the  water  surface.  Unless  specifically  directed 
otherwise,  the  VM  evaluates  the  concentration  at  z ■ 1 m.  At  present,  the 
rate  of  vapor  liberation,  Q,  is  the  average  release  rate.  It  is  a simple 
modification  to  Incorporate  a variable  release  rate  by  evaluating  Q at  time 
te,  where  te  • t - x/U;  te  is  the  time  at  which  the  vapor  observed  at  the 
point,  (x,  y,  z),  at  the  time,  t,  was  released.  This  has  not  been  done 
because  of  the  difficulty  of  calculating  the  amount  of  vapor  which  bums 
or  explodes  when  the  release  rate  is  variable.  Modification  of  this  part 
of  the  model  to  allow  for  variable  release  rates  would  be  valuable,  if 
priorities  in  further  work  permit. 

Diffusion  Coefficients 


The  diffusion  coefficients  in  (3-1)  and  (3-2)  are  parameters  which 
have  been  determined  by  experiments.  They  are  strong  functions  of  the 
stability  of  the  atmosphere  - the  amount  of  turbulence  present  and  the 
variation  of  the  temperature  with  height.  Different  experimenters  have 
classified  the  stability  of  the  atmosphere  in  different  manners,  so  that 
direct  comparison  of  one  parameterization  of  the  diffusion  coefficients 
with  another  is  not  always  possible.  For  the  plume  model,  the  set  of 
coefficients  derived  by  Pasquill  (8],  (9]  has  found  wide  acceptance. 
Figures  3-1  and  3-2  show  these  curves.  The  figures  have  been  taken  from 
Chapter  3 of  Meteorology  and  Atomic  Energy  15J,  and  the  reader  is  re- 
ferred to  this  chapter  for  a discussion  of  atmospheric  stability.  These 
curves  have  been  numerically  approximated  in  HACS  subroutine  JHHDC . The 
values  of  the  diffusion  coefficients  used  for  the  puff  model  have  been 
taken  from  Chapter  A of  Meteorology  and  Atmomic  Energy  [5)  and  are 
shown  in  Table  3-1.  There  has  been  much  less  work  on  puffs  than  there 
has  been  on  plumes,  so  the  coefficients  for  the  puff  model  are  not  as 
widely  used  as  the  plume  coefficients. 

A summary  of  the  stability  classes  is  shown  in  Table  3-2.  These  are 
the  classes  used  in  the  parameterization  of  the  dispersion  coefficients 
for  the  plume  model.  The  parameterization  for  the  puff  coefficients  is 
only  for  three  classes  of  stability.  The  program  is  set  up  to  allow  for 
six  stability  classes  in  case  the  plume  model  is  used,  but,  if  the  puff 
model  is  used,  designation  of  classes  A,  B,  or  C will  result  in  the 
unstable  parameterization  being  used,  classes  D and  E will  use  the 
neutral  figures,  and  class  F refers  to  the  very  stable  curve. 


1 8 ] Pasquill,  F.  The  estimation  of  the  dispersion  of  windborne  material. 
Meteorology  Mag.  90:33-A9,  1961. 

[9]  Pasquill,  F.  Atmospheric  Diffusion.  Van  Nostrand,  London,  1962. 
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. HORIZONTAL  OlSPERSlON  COEFFICIENT  (mi 


FIGURE  3-1 

HORIZONTAL  DISPERSION  COEFFICIENT,  0 , VS.  DOWNWIND  DISTANCE  FROM 

SOURCE  FOR  PASQUILL'S  TURBULENCE  TlfPES 
USED  FOR  THE  PLUME  MODEL 

(From  page  102  of  [51) 


37 


Parameter 

Conditions 

100  m 

4000  m 

Approximate 
power  function 

o (■) 

Unstable 

10.0 

300 

0.14(x)°  **2 

y 

Neutral 

4.0 

120 

0.06(x)°‘92 

Very  stable 

1.3 

35.0 

0.02(x) 0,89 

o («) 

Unstable 

15.0 

220 

0.53(x)° ’ 7 3 

Z 

Neutral 

3.8 

50.0 

0.15(x)° ' J0 

Very  stable 

0.75 

7.0 

0.05(x)#-61 

TABLE  3-1 

SUGGESTED  ESTIMATES  FOR  O , a (From  page  175  of  [5]) 

y z 

The  values  for  o given  In  the  columns  headed  100  m and  4000  m are 
observed  values.  The  approximate  power  function  given  in  the  last 
column  relates  the  value  of  o to  distance  travelled  by  the  puff 
center  (x)  for  the  cases  indicated;  these  functions  are  obtained 
by  curve  fitting  the  observed  data. 


A — Extremely  unstable  conditions  D — Neutral  conditions* 

B — Moderately  unstable  conditions  E — Slightly  stable  conditions 

C — Slightly  unstable  conditions  F—  Moderately  stable  conditions 


Surface  wind 
speed,  xn/eec 

Daytime  insolation 

Nighttime  conditions 

Thin  overcast 

or  e % s*/t 

cloudincsst  cloudiness 

Strong 

Moderate 

Slight 

<2 

A 

A-B 

B 

2 

A-B 

B 

C 

E 

F 

4 

B 

B-C 

C 

D 

E 

e 

C 

C-D 

D 

D 

D 

># 

C 

D 

D 

D 

D 

•Applicable  to  heavy  overcast,  day  or  night 

tThc  degree  of  cloudiness  is  defined  as  that  fraction  of  the  sky  above 
the  local  apparent  horUon  which  Is  covered  by  clouds. 


TABLE  3-2 

RELATION  OF  TURBULENCE  TYPES  TO  WEATHER  CONDITIONS 
(From  page  101  of  (5]) 
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In  Figures  3-1  and  3-2,  we  note  that  the  abscissa  extends  from  100  m to 
100  ka,  but  this  does  not  Man  that  the  curves  for  the  diffusion  parameters 
are  valid  over  that  entire  distance.  These  curves  ver<!  derived  from  data 
obtained  from  about  100  a downwind  of  the  source  to  several  kilometers. 

In  a few  cases,  data  were  obtained  between  5 and  20  kilometers.  Although 
the  figures  do  not  imply  anything  about  use  of  these  curves  for  distances 
shorter  than  100  m,  it  might  be  inferred  from  Figures  3-1  and  3-2  that 
these  curves  are  to  be  used  for  distances  up  to  100  km.  This  inference  is 
not  correct.  For  example,  for  stability  class  A at  20  km,  oz  - 3000  m.  This 
length  is  greater  than  the  height  of  the  Inversion  base  on  all  days,  except 
the  hottest  sunny  summer  days.  Thus,  even  for  distances  as  short  as  20  km, 
the  Gaussian  model  must  be  used  with  care  for  certain  stability  classes. 

On  days  for  which  unstable  atmospheric  conditions  prevail,  at  distances 
sufficiently  far  from  the  source  the  value  of  Oz  will  predict  mixing  above 
the  inversion  base,  which  in  fact  will  not  occur.  For  stable  regimes,  the 
detailed  layer  structure  sometimes  has  to  be  taken  into  account.  Fortunately, 
the  VM  is  usually  not  concerned  with  distances  greater  than  10  km,  and  the 
curves  for  the  dispersion  coefficients  are  trustworthy  for  all  stability 
classes  up  to  10  km.  For  short  distances,  the  curves  may  safely  be 

extrapolated  to  50  m,  but  their  use  for  distances  of  less  than  50  m is 

questionable.  Certainly  their  extrapolation  to  10  m is  unwarranted. 

The  same  caveats  on  use  apply  to  the  puff  dispersion  coefficients 
in  Table  3-1.  The  values  of  oy  and  o2  are  given  for  100  m and  4000  m, 

because  these  are  the  limits  of  the  range  over  which  the  given  power 

function  approximation  is  strictly  accurate.  The  VM  uses  these  power 
functions  for  the  range  from  50  m to  10  km,  when  necessary. 

Choice  Between  Puff  Model  or  Plume  Model 


As  stated  above  the  plume  model  is  strictly  applicable  only  to  con- 
tinuous releases,  whereas  the  puff  model  is  strictly  applicable  only  to 
instantaneous  releases.  The  spills  to  be  simulated  in  the  VM  will 
generally  release  material  into  the  air  over  some  finite  time;  i.e.,  the 
release  time  will  be  neither  infinite,  as  required  for  the  plume,  nor 
infinitesimal,  as  required  for  the  puff.  Since  no  model  was  readily 
available  for  use  in  the  VM  to  treat  the  realistic  case  of  a finite  release 
time,  it  was  decided  that  the  puff  model  would  be  used  for  those  cases  in 
which  the  release  time  is  short,  whereas  the  plume  model  would  be  used 
for  those  cases  in  which  the  release  time  is  long.  To  accomplish  this, 
however,  a precise,  quantitative  definition  of  ''short"  and  "long"  release 
times  must  be  made. 


For  "long"  release  times,  the  prevailing  wind  will  disseminate  the  air- 
borne material  in  a cone-shaped  plume:  subsequent  to  the  end  of  the  re- 
lease, the  entire  plume  will  be  translated  in  the  windward  direction  with 
minimal  change  In  length  measured  along  the  wind  axis.  For  a plume,  the 
main  cause  for  dissemination  of  material  in  the  direction  of  the  wind  is 
advection  by  the  wind.  For  "short"  release  times  the  wind  does  not  have 
sufficient  time  to  disseminate  the  airborne  material,  so  a puff,  expanding 
as  it  travels.  Is  formed.  Although  the  wind  transports  the  puff  as  a 
whole  in  the  windward  direction,  the  wind  does  not  spread  the  material  to 
any  great  extent.  However,  turbulent  diffusion  will  cause  the  puff  to 
spread  in  the  windward  direction.  Evidently  then  the  key  to  choosing 
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between  the  puff  and  the  plume  la  whether  advectlon  or  diffusion  is  the  pre- 
dominant mechanism  for  spreading  the  material  in  the  windward  direction. 

The  plume  model  will  be  preferable  to  the  puff  model  If  the  diffusion 
in  the  x direction  (the  windward  direction)  is  small  with  respect  to  the 
length  of  the  plume.  The  length  of  the  plume  will  be  Ute,  where  U is  the 
wind  speed  and  te  is  the  time  it  takes  for  complete  evaporation  of 
the  gas.  Thus,  when  the  last  bit  of  gas  is  released  at  time  te,  the  first 
bit,  released  at  t ■ 0,  will  be  at  x ■ Ute.  The  scale  of  the  diffusion 
in  the  x direction  is  given  by  Ox,  where  the  puff  data  are  used  to  evaluate 
Ox  as  a function  of  distance.  Evaluating  0X  at  Ute/2,  we  compare  0 and  Ut  . 
If  Ute  is  greater  than  5 ox,  then  the  plume  is  long  with  respect  to  £he  e 
diffusion  in  the  x direction  which  will  occur  at  each  end,  and  the  plume 
model  is  preferable.  If  Ute  is  smaller  than  2ox,  then  the  diffusion  in  the 
x direction  should  not  be  ignored  and  the  puff  model  should  be  used,  if  Ut 
is  between  2ox  and  5ox,  then  neither  model  is  entirely  appropriate,  and  e 
either  may  be  used  at  the  discretion  of  the  person  using  the  VM.  Since  the 
plume  model  equation  is  undefined  for  zero  wind  speed  and  Is  inaccurate 
for  low  wind  speeds,  the  use  of  the  plume  model  is  not  recommended  when  U 
is  less  than  2 m/s. 

Choice  of  Time  Step 

The  choice  of  an  appropriate  duration  for  the  time  step  is  also  related 
to  the  wind  transport  time  H/U.  H is  the  scale  of  the  region  of  interest 
and  might  range  from  0.5  km  for  a small  spill  to  5 km  or  more  for  a large 
spill.  In  order  to  get  some  detail  from  the  VM,  the  time  step  should  be  a 
fraction  of  H/U,  say,(H/U)/10  to  (H/U)/5.  Further,  no  matter  what  values  H 
and  U have,  the  time  step  chosen  should  not  be  so  large  that  the  puff  may 
completely  pass  by  a grid  cell  during  the  time  step.  For  the  puff  distri- 
bution to  be  evaluated  at  a point  within  0.5ax  of  the  peak  value,  the  time 
step,  At,  must  be  less  than  ax/U,  since  it  will  take  ox/U  to  move  the  puff  a 
distance  ox.  As  ox  will  vary  with  the  time  that  the  puff  has  been  traveling 
from  the  source,  a typical  value  of  ox  for  the  chosen  stability  class  should 
be  selected.  For  wind  speed  of  about  5 m/s  or  less,  time  steps  between  0.5 
and  2 min  are  generally  appropriate. 

As  presently  implemented,  the  plume  model  uses  the  average  escape 
rate  for  the  duration  of  the  vapor  release,  so  the  concentration  at  any 
point  will  be  constant  for  a time  equal  to  the  release  time.  Thus  the 
selection  of  a time  step.  At,  is  not  quite  as  crurial  as  it  is  in  the 
puff  model,  where  a concentration  close  to  the  maximum  concentration 
may  be  missed  entirely  if  At  is  too  long.  If  the  plume  model  is  appropriate 
and  the  time  step  is  less  than  (H/U)/5,  then  the  release  of  the  gas  should 
extend  over  several  At  or  longer.  The  choice  of  time  step  and  the  decision 
of  whether  or  not  the  plume  model  is  appropriate  are  discussed  in 
greater  detail  in  Appendix  B3. 

Modification  of  the  Puff  Model 


The  dispersion  coefficients  for  the  puff  model  were  derived  for  dilute 
concentrations;  therefore,  when  the  puff  model  is  applied  close  to  a large 
spill,  it  may  calculate  a concentration  of  the  cargo  gas  which  is  greater 
than  the  density  of  pure  cargo  gas  at  ambient  atmospheric  temperature 
and  pressure.  This  is  unrealistic,  of  course,  and  the  Gaussian  puff 
dispersion  model  has  been  modified  to  preclude  this  event.  If  the 
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regular  puff  equation  would  give  a concentration  at  the  puff  center  which 
exceeds  the  density  of  pure  gas  at  ambient  conditions,  a modified 
distribution  is  used.  This  distribution  has  a hemisphere  of  pure  cargo 
gas  centered  about  the  puff  center,  and  from  the  surface  of  the  hemi- 
sphere the  concentration  decreases  in  Gaussian  fashion,  with  dispersion 
coefficients  appropriate  to  the  distance  the  puff  has  traveled  from  the 
spill.  The  radius  of  the  hemisphere  is  determined  by  the  necessity  of 
conserving  mass.  As  the  puff  Is  translated  downwind,  the  radius  of  the 
hemisphere  of  pure  vapor  will  shrink  to  zero,  whereupon  we  have  the 
regular  Gaussian  puff  distribution.  The  details  of  this  modification  are 
contained  in  Appendix  Bl. 

Effects  of  Surface  Roughness 

The  dispersion  coefficients  have  been  derived,  for  the  most  part,  from 
experiments  conducted  over  flat  grasslands.  The  effects  of  buildings 
in  urban  and  suburban  areas  are  to  enhance  the  mixing  processes,  mostly  by 
the  greater  mechanical  turbulence  induced  but  partially  from  the 
different  thermal  characteristics  of  manmade  surfaces  such  as  cement  and 
asphalt.  The  plume  model  may  be  adjusted  to  account  for  these  surface 
effects,  but  at  present  there  is  no  way  to  adjust  for  a change  in  sur- 
face roughness.  Thus  one  class  of  surface  roughness  which  typifleB  the 
entire  region  over  which  the  plume  travels  is  required. 

In  a paper  to  be  published  in  the  Journal  of  the  Air  Pollution 
Control  Association  (kindly  made  available  to  us  in  advance  by  the  author), 

N.  E.  Bowne  suggests  modifications  of  the  standard  diffusion  parameters 
which  will  more  accurately  depict  the  spread  of  a plume  over  urban  and 
suburban  areas.  Selected  values  of  0 are  presented  in  Table  3-3  to 
show  that  the  dispersion  over  built-up  terrain  may  be  several  times 
greater  than  it  is  over  rural  areas.  These  corrections  for  surface  effects 
have  not  yet  been  Implemented  in  the  computer  simulation. 

Meandering  of  the  Plume 

The  assumption  that  the  wind  is  a constant  with  respect  to  time, 
location,  and  height  does  not  mean  that  the  random  or  statistical  fluctuation 
of  the  wind  direction  about  a mean  value  has  to  be  omitted  entirely.  This 
is  also  known  as  meandering  of  the  plume,  and  changes  in  the  wind  direction 
which  have  time  periods  shorter  than  the  observation  or  averaging  period  may 
be  treated  in  a statistical  manner.  Thus  synoptic  changes  which  typically 
have  time  scales  on  the  order  of  one  to  several  hours  are  excluded.  But 
fluctuations  with  periods  of  seconds  and  minutes  are  amenable  to  statistical 
treatments.  These  short-period  variations  are  of  interest  because  they  will 
spread  the  plume  from  the  spill  over  a wider  area  than  will  the  theoretical, 
but  never  observed,  constant  wind.  The  amount  of  cross-plume  dispersion 
(the  spread  in  the  direction  perpendicular  to  the  mean  wind  direction)  in 
the  Gaussian  model  is  controlled  by  the  value  of  the  parameter  0 y The 
longer  the  measuring  period,  the  larger  o should  be  to  account  for  increased 
spreading  of  the  effluents  by  random  changes  in  the  wind  direction  during 
this  period.  The  values  for  0y  and  02  given  in  Slade  [ 5 ] and  used  by 
Raj  and  Kalelkar.12]  are  the  values  originally  published  by  Pasquill  from 
measurements  having  a duration  of  roughly  10  minutes.  For  this  reason, 
the  concentrations  calculated  using  these  diffusion  coefficients  will 
likewise  be  the  average  concentration  for  a 10-minute  duration.  For  time 
averages  other  than  10  minutes,  the  value  of  the  diffusion  coefficient. 

Oy,  changes  because  of  ever  present  random  fluctuations  in  wind  direction. 
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Dispersion  Coefficients,  m 


Distance  Downwind,  km 


Stability 

Category 

0.1 

1 

10 

Sigma  y. 

A 

30 

200 

1500 

rural 

B 

22 

160 

1200 

C 

14 

110 

800 

D 

9 

70 

550 

E 

7 

55  • 

400 

P 

5 

32 

270 

Sigma  y, 

A 

58 

310 

1900 

urban 

B 

45 

230 

1500 

C 

38 

190 

1100 

D 

32 

150 

780 

E 

26 

110 

500 

F 

21 

75 

390 

Sigma  z. 

A 

14 

400 

3000 

rural 

B 

10 

100 

1400 

C 

7 

63 

500 

D 

5 

31 

130 

E 

3 

20 

78 

F 

2 

14 

48 

Sigma  z. 

A 

15 

400 

2900 

suburban 

B 

12 

100 

1300 

C 

10 

62 

490 

D 

8 

39 

250 

E 

7 

26 

140 

F 

6 

20 

80 

Sigma  z, 

A 

26 

700 

3000 

urban 

B 

20 

280 

2500 

C 

17 

150 

1500 

D 

15 

90 

700 

E 

13 

45 

200 

F 

12 

31 

100 

TABLE 

3-3  (from  N. 

E.  Bowne) 

SELECTED  VALUES  OF  Ov 


Dispersion  coefficients  for  three  types  of  regions  showing 
the  influence  of  surface  roughness  and  other  gross  measures 
of  micrometeorological  factors 
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For  very  short  durations  (seconds) , the  wind  direction  vill  change 
very  little,  so  the  average  <*onc#ntration  for  this  period  will  he  a 
maximum.  For  periods  on  the  order  of  an  hour  or  two,  the  fluctuating  wind 
direction  will  stove  the  plume  about,  and  the  average  concentration  over 
an  hour  or  store  will  be  stuch  lower.  The  corrections  to  ov  to  account  for 
the  averaging  time  have  been  given  by  Turner  (10),  who  summarised  the  work 
of  Stewart,  Gale,  and  Crooks  (11)  and  Craster  (121,  and  found  that  concentrations 
decrease  with  sampling  times  of  from  3 seconds  to  30  minutes  according  to 
a one-fifth  power  law  function  (C  * t“**).  Nonhebel  (13)  reported 
correction  coefficients  for  0 ' for  periods  of  as  long  as  24  hours. 

The  t * power  correction  factor  is  plotted  in  Figure  3-3.  Extrap- 
olation of  this  curve  for  periods  of  leas  than  10  seconds  and  longer  than  1 
hour  must  be  used  cautiously,  as  the  power  law  was  designed  to  fit  the 
data  in  the  range  from  about  1 minute  to  about  thirty  minutes.  The 
correction  factor  from  Figure  3-3  may  be  used  to  adjust  the  plume 
concentration  on  axis  by  multiplying  the  concentration  calculated  for 
10  minutes  by  the  correction  factor.  For  concentrations  off  the  axis, 
the  value  of  Oy  for  10  minutes  must  be  divided  by  the  correction  factor, 
and  the  plume  concentration  calculated  as  usual  with  the  adjusted  o^. 

Although  the  correction  of  one  calculated  concentration  is  no  problem, 
the  situation  is  more  complicated  for  a number  of  sequential  calculations. 

Let  us  compare  10  sequential  calculations  for  a period  of  1 minute  with 
a single  calculation  for  10  minutes.  Figure  3-3  shows  that  the  value  on 
axis  calculated  for  a 1-minute  averaging  period  will  be  1.6  times  the 
value  for  the  10-minute  averaging  period.  If  the  wind  direction  does  not 
change,  the  average  for  the  ten  1-minute  periods  will  be  the  same  as  for 
any  individual  1-minute  period  and  will  be  1.6  times  the  average  for  one 
10-minute  period.  This  is  incorrect,  of  course,  and  is  due  to  the  fact 
that  the  wind  did  not  vary  in  direction  from  one  1-minute  period  to  the 
next  as  it  would  in  the  physical  world.  For  sequential  applications  of 
the  Gaussian  plume  equation,  then,  if  the  correction  factor  is  to  be 
applied  to  oy  to  account  for  the  length  of  the  time  step,  then  the  wind 
direction  must  also  be  changed  in  a random  manner  about  an  average 
direction.  Modification  of  the  air  dispersion  submodel  to  account  for 
the  duration  of  the  averaging  period  and  the  statistical  fluctuations  of 
the  wind  direction  was  felt  to  be  inappropriate  at  this  stage  in  the 
development  of  the  VM,  since  departures  from  accurate  simulation  of  the 
physical  world  in  other  ways  were  considered  more  serious. 


(10)  Turner,  D.  Workbook  of  Atmospheric  Dispersion  Estimates.  Environmental 
Protection  Agency,  Washington,  D.C.,  Revised  1970.  Publication  No. 
AP-26. 

(11)  Stewart,  N.  C.,  H.  J.  Gale,  and  R.  N.  Crooks.  The  atmospheric  diffusion 
of  gases  discharged  from  the  chimney  of  the  Harwell  Reactor  BEP0. 

Int.  J.  Air.  Pollution  1^:87-102,  1958. 

(12)  Cramer,  H.  E.  Engineering  estimates  of  atmospheric  dispersal  capacity. 
Amer.  Ind.  Hyg.  Assoc.  J.  ^0: 183-189,  1959. 

(13)  Nonhebel,  G.  Recommendations  on  heights  for  new  industrial  chimneys. 

J.  Inst.  Fuel  33:479-513,  i960. 
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Peak  Concentration  va«  Average  Concentration 


This  meandering  of  the  plume  with  time  will  result  In  an  average 
concentration  which  Is  lower  than  the  maximum  values  obtained  Instanta- 
neously during  the  averaging  period.  In  the  assessment  of  toxic  effects, 
the  nonlinearity  of  the  concentration-response  curve  is  not  so  great  that 
this  is  a serious  matter.  For  flanmable  vapor  clouds,  on  the  other  hand, 
the  variation  of  the  instantaneous  concentration  from  the  average  may  mean 
that  vapor  cloud  would  ignite,  even  though  Its  average  concentration  was 
outside  the  range  of  flammable  concentrations.  If  the  development  of  the 
VM  continues,  it  is  urged  that  consideration  be  given  to  allowing 
Ignition  to  occur  when  the  average  concentration  is  outside  the  flamnable 
concentration  range  but  close  to  the  limiting  concentration.  Once  an 
appropriate  peak-to-mean  ratio  for  the  dispersion  process  is  decided 
upon,  the  mathematics  for  determining  the  new  ignition  range  and  the 
modification  of  the  computer  program  are  straightforward. 

Buoyancy 

Fluid  cargoes  which  have  boiling  points  below  5*C  at  atmospheric 
pressure  are  usually  transported  in  liquid  form,  with  either  pressure 
or  refrigeration  or  both  being  employed  to  keep  the  cargo  in  the  liquid 
state.  If  such  a cargo  is  spilled,  the  evolved  vapor  and  the  air  immediately 
surrounding  it  will  be  near  the  boiling  point  of  the  cargo  whether  or  not  the 
cargo  was  refrigerated.  This  is  because  the  vapor  is  given  off  at  the 
boiling  point  temperature  and  brings  the  surrounding  air  close  to  that 
temperature  by  bulk  mixing. 

The  low  temperature  of  the  recently  evolved  vapor  may  have  a con- 
siderable effect  upon  the  density  of  the  cargo  gas,  and,  if  this  is  the 
case,  the  dispersion  of  the  vapor  will  be  significantly  different  from 
that  of  a neutrally  buoyant  gas.  The  Gaussian  dispersion  models,  of 
course,  were  derived  for  the  neutrally  buoyant  case,  so  the  present  air 
dispersion  submodel  will  not  be  particularly  accurate  when  the  vapor 
cloud  is  very  cold.  The  actual  cloud  will  occupy  a greater  area  close  to 
the  ground  or  water  surface  and  will  not  extend  as  high  as  the  calculated 
cloud.  Negative  buoyancy  will  also  be  a significant  factor  for  very  dense 
gases,  such  as  radon  and  sulfur  dioxide,  even  if  transported  and  vented  as 
gases  at  ambient  temperature. 

Positive  buoyancy  may  be  a significant  factor  in  the  air  dispersion  of 
certain  materials  vented  as  gases  that  are  lighter  than  air,  such  as 
hydrogen  and  methane.  Some  materials  carried  as  cryogenic  liquids,  such 
as  LNG,  may  be  negatively  buoyant  soon  after  release  because  of  cooling,  but 
upon  heating  by  contact  and  admixture  with  the  atmospher  they  may  become 
positively  buoyant.  The  transition  from  negative  to  positive  buoyancy 
poses  formidable  problems  of  analysis. 

The  means  to  incorporate  the  effects  of  buoyancy  into  the  Gaussian 
plume  and  puff  models  now  used  in  the  VM  are  neither  straightforward  nor 
clearly  available.  Although  the  Gaussian  models  are  based  on  a theoretical 
solution  to  a diffusion  equation,  the  values  for  the  dispersion  coefficients 
are  obtained  from  experimental  measurements.  Thus  there  is  no  simple, 
easily  justified  adjustment  that  can  be  made  to  the  model  without  some 
experimental  verification.  The  adoption  of  unvalidated  schemes  for  use  in 
the  VM  was  deemed  inappropriate  at  this  time. 
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One  possible  approach  to  the  consideration  of  buoyancy  effects  is  that 
correction  factors  for  the  neutrally  buoyant  oy  and  oz  could  be  derived 
from  comparison  of  data  from  actual  spills  with  concentrations  calculated 
for  neutral  buoyancy.  These  correction  factors  could  be  parameterized 
functions  of  time  and  stability  class  to  take  into  account  the  change  in 
buoyancy  with  time  caused  by  admixture,  warming,  or  both.  Another 
possibility  is  the  use  of  one  of  the  empirical  air  dispersion  models 
developed  specifically  for  spills  of  this  kind  [4],  (14),  (15),  although 
a design  guide  for  the  VM  has  been  to  avoid  the  use  of  chemically  specific 
models.  Whatever  correction  method  might  be  used,  it  should  certainly  have 
the  feature  that  as  the  cargo  becomes  close  to  neutral  buoyancy  by  dilution 
with  air  or  by  warming,  then  the  description  of  the  dispersion  should  re- 
duce to  one  of  the  standard  conventional  forms  of  the  Gaussian  model. 


14)  Fay,  J.  A.  Unusual  fire  hazard  of  LNG  tanker  spills.  Combustion 
Sci . Technol.  1:47,  1973. 


15]  Feldbauer,  G.  W.,  et  al.  Spills  of  LNG  on  Water  - Vaporization  and 
Downwind  Drift  of  Combustible  Mixtures.  Esso  Research  & Engineering 
Company,  March  1973.  Report  No.  F.E61E-72  (Released  by  the  American 
Petroleum  Institute,  Re  6Z32) . 
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CHAPTER  4 


IIII  IIJI^II'P.  L l U|  I 


FIRE  AND  EXPLOSION  SUBMODELS 


The  purpose  of  the  fire  and  explosion  submodels  is  to  calculate  those 
physical  quantities  required  by  the  Phase  II  damage  assessment  models  to 
estimate  the  consequences  of  explosion,  fire,  or  both.  This  set  of  submodels 
determines  the  type  of  event  (fire  or  explosion),  where  it  occurs,  and  when  it 
occurs  and  what  physical  consequences  of  import  to  the  VM  occur. 

The  processes  of  fire  and  explosion  will  in  general  occur  in  two  phases. 
First,  an  extended  vapor-air  cloud  will  rapidly  burn  or  explode.  Following 
either  of  these  forms  of  rapid  combustion,  relatively  slow  burning  from  the 
surface  of  the  spill  will  take  place.  The  rapid  combustion  occurs  because 
the  fuel  and  oxidant  are  premixed  over  a relatively  large  region  of  space. 

The  slower  burning  from  the  surface  of  the  spill  is  a typical  diffusion 
flame  in  which  combustion  occurs  in  a narrow  reaction  zone  into  which  both 
fuel  and  oxidant  diffuse.  Because  the  physical  processes,  and  hence  the 
damage  mechanisms  for  personnel  and  material,  are  quite  different  in  the 
cases  of  rapid  and  slow  combustion,  different  models  are  required  for  each 
of  the  three  processes  involved:  namely,  explosion,  flash  fire,  and  burning 
from  the  surface  of  the  spill. 

The  relationship  of  the  four  fire  and  explosion  submodels  used  in 
the  VM  to  model  t’ie  various  processes  involved  and  their  sequence  are  dis- 
played in  the  flew  chart  shown  in  Figure  4-1.  First  the  decision  of 
whether  or  net  ignition  occurs  is  made;  of  course,  if  there  is  no  ignition, 
no  further  processing  of  the  fire  and  explosion  submodels  is  performed.  If 
there  is  ignition,  a user  option  determines  whether  fire  or  explosion  is  to 
be  modeled.  In  either  event,  a check  is  made,  after  the  rapid  combustion 
event  is  simulated,  to  determine  whether  any  fuel  remains  in  cite  pool  of 
spilled  material;  if  any  fuel  remains,  then  burning  from  the  pool  is 
modeled.  In  the  following  are  presented  details  of  the  simulation  of  each 
of  the  four  events  modeled. 

The  Ignition  Submodel 

A primary  decision  to  be  made  in  the  fire  and  explosion  submodels  is 
whether  combustion  (either  conflagration  or  detonation)  occurs.  Three  items 
are  required  for  combustion  to  occur:  (l)  fuel,  (2)  oxidizing  agent,  and  (3)  an 

ignition  source.  The  user  will  specify  whether  a given  grid  cell  contains 
an  ignition  source.  The  fuel  is  provided  by  the  dispersed  flammable  vapor, 
whereas  the  oxidizing  agent  is  provided  by  the  oxygen  in  the  air.  Since  com- 
bustion will  occur  only  over  a certain  range  of  fuel-air  ratios,  the 
decision  in  the  VM  that  combustion  does  occur  is  made  only  if  the  vapor 
concentration  in  a given  cell  is  within  the  flammability  range  for  the  sub- 
stance under  consideration  and  if  the  given  cell  contains  an  ignition  source. 

A refinement  of  the  model  is  to  specify  whether  the  ignition  source 
causes  an  explosion  or  just  a fire  (provided,  of  course,  that  the  vapor-air 
mixture  is  in  the  ignitable  range).  There  are  several  reasons  for  choosing 
the  occurrence  of  fire  or  explosion  on  an  a priori  basis.  These  reasons  all 
deter  the  formation  of  a deterministic  model  for  this  decision.  One  reason 
is  that  unconfined  vapor-air  mixtures  are  normally  not  considered  to  be 
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explosive.  Hovever,  such  unconflned  vapor-air  mixtures  can  and  do  explode 
if  ignition  is  initiated  by  a detonation  {16]  (17].  In  the  context  of 
accidental  spills,  such  initiating  detonations  * ould  originate  from  (1)  the 
detonation  of  high  explosive  (say,  as  a result  of  a ship  collision)  or 
(2)  the  detonation  of  a vapor-air  mixture  which  has  seeped  into  an  enclosed 
space  (this  source  is  much  more  likely  to  occur).  In  either  caset  the  size 
and  location  of  the  initiating  detonation  are  quite  unpredictable,  because 
of  the  large  number  of  unspecified  (and  probably  unspecif iable)  variables 
that  contribute  to  these  properties  of  the  explosion.  Furthermore,  the 
basic  research  to  determine  the  detonatability  of  unconfined  vapor-air 
mixtures  as  a function  of  the  strength  of  the  initiating  detonation  is  not 
complete  and  in  some  cases  is  the  subject  of  current  or  planned  studies. 
Thus, even  if  the  properties  of  the  initiating  explosion  were  known 
quantitatively,  there  is  no  method  currently  available  that 
could  be  used  to  predict  whether  the  vapor-air  plume  would  explode. 

Another  refinement  of  the  model  is  the  gradations  permitted  in 
ignition  source  strength.  The  user  is  allowed  to  specify  the  ignition 
potential  of  a given  source  so  that,  for  example,  a single  specification 
of  a set  of  ignition  sources  will  result  in  ignition  for  a highly 
flammable  substance  but  will  not  simulate  an  ignition  for  a less 
flammable  substance.  The  gradations  used  in  the  VM  for  ignition  sources 
are  based  on  the  NFPA  classification  system  [6,  p.  4-8ff.)  for  flammable 
substances.  The  NFPA  classification  system  is  based  on  the  concept 
of  "flashpoint."  A substance  with  low  flashpoint  is  very  flammable, 
whereas  a substance  with  a high  flashpoint  is  more  difficult  to  ignite. 

In  the  VM,  an  ignition  source  is  designated  as  belonging  to  a given 
classification  bsed  on  the  flashpoint  of  substances  it  is  capable 
of  igniting.  Strong  sources  will  ignite  most  combustible  substances, 
those  of  both  low  and  high  flammability.  Weaker  sources  are  only 
able  to  ignite  the  mosc  flammable  materials.  The  gradation  of  ignition 
sources  is  discussed  in  more  detail  in  Appendix  Cl.  This  rather  uncon- 
ventional application  of  the  concept  of  flashpoint  is  primarily  an  attempt 
to  allow  the  user  to  specify  ignition  sources  of  different  strengths; 
thus  two  simulations  having  the  same  input  data,  except  for  the  type  of 
Bubstance  spilled,  will  yield  ignition  in  one  case  but  not  in  the  other.  As 
explained  in  Appendix  Cl,  a complete  treatment  of  ignition  sources  would 
require  very  complex  models  and  missive  quantities  of  input  data  to 
support  them. 

Amount  of  Material  in  Rapid  Combustion 


For  both  the  explosion  and  flash  fire  submodels  it  is  necessary  to 
determine  the  amount  of  fuel  that  burns  in  the  rapid  combustion  process. 
Because  the  flammable  clouds  have  a spatial  and  temporal  variation  in 
concentration  of  fuel,  calculation  of  the  mass  that  burns  is  not  an  espe- 
cially straightforward  procedure.  As  discussed  in  Appendix  C2,  it  seems 


[16]  Strehlow,  R.  A.  Uncombined  vapor-cloud  explosions  - an  overview.  In 
Proceedings  of  the  International  Symposium  on  Combustion,  1972. 

(17]  Brown,  J.  A.  A Study  of  the  Growing  Danger  of  Detonation  in  Uncon- 
flned Gas  Cloud  Explosions.  John  Brown  Associates,  Inc.,  Berkeley 
Heights,  N. J. , December  1973. 
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appropriate  to  allow  only  that  portion  of  the  fuel-air  mixture  that  has  a 
concentration  between  flammable  limits  to  contribute  to  the  energy  yield 
of  the  rapid  burning  phase  of  combustion.  The  fuel-air  mixture  that  con- 
tributes to  the  energy  yield  may  be  divided  into  two  parte:  (1)  the  mixture 

with  a concentration  varying  from  the  lower  explosive  limit  to  stoichio- 
metric and  (2)  the  mixture  with  a concentration  varying  from  stoichiometric 
to  the  upper  explosive  limit.  The  portion  (1)  leaner  than  stoichiometric 
bums  completely;  the  portion  (2)  richer  than  stoichiometric  bums  incom- 
pletely from  lack  of  sufficient  oxygen  content.  The  amount  (mass)  of  fuel 
that  burns  in  the  leaner  portion  is  given  by  the  volume  integral  of  the 
concentration  over  that  portion  of  the  fuel-air  cloud.  The  mass  of  fuel 
that  burns  in  the  richer  portion  is  given  by  the  volume  integral  of  concen- 
tration over  that  space,  with  a multiplicative  weighting  factor  inside  the 

combSs?ior  aThusnt  f°r  tb"  ab8*nce  of  9ufficient  oxygen  to  support  complete 


m 


.[  C(x,y,2,t)d  7 + \ p(C)C (x, y ,2 , t)d  T 

;V,  ) v 


(4-1) 


where 


m 


mass  of  fuel  burning 


C(x,y,2,t)  ■ concentration  of  the  flammable  material  (z  is  the 
vertical  coordinate) 

F(C)  * a weighting  function,  dependent  on  concentration,  giving 
the  fraction  of  fuel  present  that  can  burn 
V-  c the  region  in  the  half  space  z>0  enclosed  by  the  surfaces: 
C(x,y, z, t)  * 1C  and  C(x,y,z,t)  * Kg  (where  1C  is  the  lower 
explosive  limit  concentration  Kg  is  the  Btoichiometric  con- 
centration) 

* the  region  in  the  half  space  z>0  enclosed  by  the  surfaces: 
C(x,y,z,t)  3 Kg  and  C(x,y,z,t)  * Ky  (where  Ky  is  the  upper 
explosive  limit  concentration) 
d 1 ■ the  element  of  volume 


This  formulation,  including  an  evaluation  of  the  weighting  function,  F(C), 
is  discussed  in  more  detail  in  Appendix  C2.  The  analytical  forms  for  the 
participating  mass,  mp.  that  are  obtained  by  performing  the  integration 
indicated  in  equation  (4-1)  for  specific  choices  of  concentration  distri- 
bution, C(x,y, z, t) , are  given  in  Appendix  C2  for  a simple  puff  model  and  are 
given  In  Appendixes  B1  and  B2  for  the  modified  puff  and  plume  distributions 
of  concentration,  respectively. 

One  further  detail  In  these  calculations  is  the  time  at  which  the 
ignition  occurs.  Rather  than  use  the  preset  computation  interval,  It 
seems  more  realistic  to  assume  that  an  ignition  occurs  at  that  moment 
the  concentration  contour  of  the  lower  flammable  limit  first  coincides 
with  the  coordinates  of  the  ignition  source.  To  calculate  the  time  of 
this  occurrence, one  sets  C (x,y,z,t)  = KL  and  then  solves  for  t.  For 
the  simple  puff  concentration  distribution  (see  Chapter  3),  this  proce- 
dure yields 
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(4-2a) 


where 

t.  • time  of  Ignition 

x*,y^«  grid  coordinates  of  the  ignition  source 


c^,.  Oy  , o z « the  standard  deviations  of  the  Gaussian  concentration 
profile  in  the  noted  direction 
U • the  wind  speed 
m - the  mass  of  gas  in  the  puff 

and  for  the  plume  concentration  distribution  the  time  of  ignition  is 
given  by 


U 


(4-2b) 


In  solving  equation  (4-2a),it  must  be  borne  in  mind  that  Ox  O and 
a i are  functions  of  time;  consequently,  an  iterative  procedure  is  required 
to  find  t . In  practice  the  iteration  is  begun  at  time  ti,  the  time  at 
which  the  concentration  at  some  grid  location  with  an  ignition  source  first 
exceeds  (or  is  exactly  equal  to)  the  lower  flammable  limit.  The  distance 
traveled  by  the  puff  at  the  time  t^  is  given  by 


This  value  of  is  substituted  into  the  approximate  power  functions  given 
in  Table  3-1  to  yield  values  for  oy  and  az  ( 0X  is  assumed  equal  to  oy) . 
Substituting  these  values  of  O and  x^  into  equation  (4-2a)  gives  a new  value 
for  time,  t2-  The  value  of  t2  will,  in  general,  be  smaller  than  t^  because 
the  concentration  at  x.,  at  t , will  rarely  exactly  equal  the  lower  flam- 
mable limit.  The  value,  t-»  Is  used  to  find  another  set  of  o's  and  the 
whole  process  is  repeated  until  the  differences  between  successive  values 
of  t^  are  small  compared  to  the  value.  For  example,  if 


< 0.001 


E 

L 


then  the  iteration  would  be  stopped,  and  t^  would  be  taken  to  be  the  time  o 
explosion.  Once  t^  is  determined,  all  of  the  o's  are  known. 


f 
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The  Explosion  Submodel 


A fundamental  quantity  needed  to  characterize  the  explosion  of  a 
vapor-air  plume  is  the  energy  yield.  Kinney  [18)  points  out  that  a good 
approximation  to  the  energy  yield  of  an  explosion  is  the  change  in  Helm- 
holtz free  energy  caused  by  the  chemical  reaction  producing  the  explo- 
sion. However, many  authors  [17]  [19]  analyzing  the  potential  yield  of 
a spill  of  combustible  material  calculate  on  the  basis  of  enthalpy 
change  produced  by  the  chemical  reaction.  This  apparent  conflict  was 
resolved  by  determining  that,  for  vapor-air  explosions,  the  difference 
between  the  change  in  the  Helmholtz  free  energy  and  the  change  in  en- 
thalpy is  negligible.  The  details  of  this  analysis  are  presented  in 
Appendix  C3. 

Therefore,  the  energy  yield  of  a vapor-air  mixture  exploding  is 
taken  to  be 

me 

W - (-  A H) — ^ (4-3) 


where 


W ■ explosion  yield  (kcal) 

AH  * change  in  enthalpy  with  combustion  (heat  of  combustion  kcal/ 
kg-tnole) 

me  ■ mass  of  the  exploding  fuel  (kg) 

M * molecular  weight  of  the  fuel 

Heats  of  combustion  are  determined  by  measuring  the  amount  of  heat 
liberated  when  a fuel  reacts  completely  and  forms  definite  reaction  pro- 
ducts. In  an  explosion  (or  flash  fire),  the  chemical  products  formed  by 
the  reaction  are  not  necessarily  the  same  as  those  formed  in  the  labora- 
tory experiments  because  the  elevated  temperature  causes  the  reaction 
products  to  dissociate.  Nevertheless,  the  degree  of  accuracy  Inherent 
in  equation  (4-3) is  consistent  with  the  accuracy  of  the  models  used 
elsewhere  in  this  program.  It  should  be  noted  that  the  heat  of  combus- 
tion, - A Hf  is  for  final  products  that  include  water  vapor ; most  hand- 
books give  - AH  for  final  products  that  include  liquid  water.  These 
values  for  - AH  must  be  corrected  for  the  heat  of  vaporization  of  water. 
In  addition,  it  should  be  noted  that  heats  of  combustion  are  measured 
for  the  substance  in  the  normal  state  at  25®C.  If  the  reaction  of  in- 
terest is  for  a substance  normally  a liquid  at  25®C,  then,  unless  spe- 
cified otherwise,  the  handbook  value  must  be  corrected  to  account  for  the 
heat  of  vaporization  of  the  fuel.  These  corrections  are  detailed  in 
Appendix  C4. 


| 18)  Kinney,  G.  F.  Explosive  Shocks  in  Air,  p.  11.  The  MacMillan  Co., 

New  York,  1962. 

(19]  Strehlow,  R,  A.  Equivalent  Explosive  Kield  of  the  Explosion  in  the 

Alton  and  Southern  Gateway  Yard,  East  St.  Louis,  Illinois,  January  22, 
1972.  Engineering  Experiment  Station,  College  of  Engineering, 
University  of  Illinois,  Urbana,  June  1973.  Report  No.  AAE  TR  73-3, 
UILU-ENG-7 3 0S-05. 
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Once  the  explosive  yield  Is  determined  from  equations  (4-1),  (4-2)  and 
(4-3),  the  phyoical  parameters  of  the  explosion  germane  to  damage  assessment 
can  be  calculated  from  the  scaling  lavs  stated  by  Kinney  (20).  The  explosion 
scaling  lavs  are  based  on  the  principle  of  geometrical  similarity  plus 
certain  basic  theoretical  considerations  and  experimental  observations. 

An  explosion  generates  a peak  overpressure  in  the  surrounding  medium  vhich 
is  dependent  on  the  explosive  energy  per  unit  mass  in  the  medium.  For  most 
explosions^  some  sort  of  spherical  symmetry  holds,  so  the  volume  of  the 
medium  affected  by  the  explosion  is  proportional  to  d , where  d is  the 
distance  traveled  by  the  vave  front.  The  mass  of  the  medium  affected  is 
then  proportional  to  pd^,  vhere  p is  the  density  of  the  medium.  Thus,  in 
tvo  geometrically  similar  explosions,. the  peak  overpressure  observed  at 
some  point  will  be  the  same  when  W/pdJ  is  the  same  in  both  cases,  where  W 
is  the  energy  yield  of  the  explosion.  Experiments  have  been  performed  on 
reference  explosions  in  reference  media  (atmospheres)  that  correlate  peak 
overpressure  and  other  explosion  parameters  with  distance  from  the  site  of 
the  explosion.  The  observations  in  nonreference  explosions  can  be  deter- 
mined by  combining  these  tabulated  results  with  the  scaling  laws.  Further 
dimensional  analysis  will  give  scaling  laws  for  quantities  other  than  peak 
overpressure.  These  scaling  laws  are  summarized  by  the  following  equations: 


, V3 

da(P/P0)  ' 

8 (W  ’/Wo)  V3 (T/To)  7 3 
t (w  /wo  ) ' * 

t - —2 

* */  3 l/€ 

(P/Po)  ' (T/To)  1 
I.  (w'/wo)1  /j(p/po)2/j 

I - 

a 1 / 

(T/To)  '* 


(4-4) 


(4-5; 


(4-6) 


where 


dg  ■ scaled  distance  from  explosion  center  (m) 

d * actual  distance  from  explosion  center  (m) 

P,T  “ pressure  and  temperature  of  the  atmosphere  in  the  actual 
case  (bar,  *Y.) 

P0.  T0  * pressure  and  temperature  of  the  atmosphere  in  the 

case  of  the  reference  explosion  (P0  ■ 1 bar,  Tc  - 

288. 15*K) 


(20)  Kinney,  G.  F.  Engineering  Elements  of  Explosions.  Naval  Weapons 
Center,  China  Lake,  Calif.,  November  1968.  Report  No.  NWC  TP-4654. 
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W'  - effective  energy  yield  of  the  actual  explosion 

W0-  energy  yield  of  the  reference  exploelon  (1  kg  of  TNT  yields 

1.12  x 10*  calories;  thus  * 1.12  x 10*  calories) 

o 

t “ actual  tine  (s) 

A 

t ■ scaled  time  (a) 

I ■ actual  inpulse  (N-S/m2) 

A 

lg  » scaled  impulse  (N-S/m2) 

These  laws  are  simplified  considerably  If  the  actual  explosion  is 
assumed  to  occur  i'i  the  same  atmosphere  as  the  reference  explosion.  Since 
ratios  of  absolute  values  for  atmospheric  pressure  and  temperature  are 
raised  to  fractional  powers,  these  factors  are  close  to  unity  even  when 
the  reference  and  actual  atmospheres  are  not  identical.  By  assuming 
essentially  identical  atmospheres,  one  obtains 


d 


s 


(4-7) 


t « t (- 


U* 


(4-8) 


I 

a 


I 

8 


V. 


(4-9) 


To  use  these  scaling  laws,  reference  is  made  to  Table  4-1  on  the 
following  page.  The  scaled  distance  is  computed  by  equation  (4-4)  or 
(4-7)  using  the  computed  value  of  the  energy  yield.  From  the  scaled 
distance  the  tables  give  overpressure  and  Mach  number  directly.  The 
tables  alao  give  the  scaled  time  and  impulse  from  which  the  actual 
time  and  Impulse  may  be  computed  by  the  use  of  equations  (4-5)  or  (4-8) 
and  (4-6)  or  (4-9).  Thus,  use  of  the  scaling  laws  and  the  tabulated 
reference  values  will  give,  for  any  distance  from  the  explosion  center, 
the  overpressure  and  impulse.  These  parameters  are  necessary  to  evalu- 
ate damage  in  Phase  II. 

In  equations  (4-4 ) through  (4-9),  the  quantity  V , the  effective 
yield,  is  used.  The  data  for  the  reference  explosion  tabulated  in 
Table  4-1  are  for  a spherically  symmetric  explosion.  For  an  explosion 
with  a center  on  a rigid  surface,  the  symmetry  is  hemispherical,  i.e., 
the  rigid  surface  reflects  completely  all  explosive  energy  impinging 
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SAMPLE  OF  TABULATED  DATA  FOR  A REFERENCE  EXPLOSION  OF  1 kg  of  TNT  (20] 


upon  It.  To  account  for  the  additional  energy  imparted  to  the  upper  half 
plane  by  the  reflective  aurface,  the  yield  la  taken  to  be  twice  the  yield 
expected  from  a spherically  symmetric  explosion  of  the  same  alee.  Therefore, 
we  take 

W'  - 2W  (4-10) 


where  W is  the  yield  computed  according  to  equation  (4-3) . 

The  design  of  the  explosion  model  is  based  on  scaling  laws  strictly 
applicable  to  condensed  phase  explosions.  However,  explosions  of  fuel-air 
clouds,  called  diffuse  explosions  by  one  source  [21],  have  significant  differ- 
ences from  condensed  phase  explosions.  The  nature  of  exploding  fuel-air 
clouds  has  been  the  subject  of  considerable  recent  research  [22),  [23),  [24], 

(25) .  Unfortunately,  scientific  research  into  the  basic  phenomena  of  diffuse 
explosions  has  not  yet  proceeded  to  the  point  where  the  results  of  the 
research  can  be  Incorporated  into  the  VM,  that  is,  no  suitable  theoretical 
or  semiempirical  models  for  diffuse  explosions  are  extant.  One  problem  area 
not  yet  treated  satisfactorily  is  the  propagation  of  combustion  waves 
through  regions  of  nonuniform  fuel  concentration;  some  very  recent  research 

[26]  has  begun  to  address  this  problem.  Another  problem  to  be  addressed  is 
"shocking  up."  Classical  combustion  wave  theory  (Chapman-Jouget  theory)  [27] 
predicts  that  the  combustion  wave  in  a fuel-air  mixture  will  be  either  sub- 
sonic (def lagratlve)  or  supersonic  (detonative) . From  classical  theory, 
explosions  result  only  when  a detonative  combustion  wave  propagates;  de- 


[21]  Kirk,  P.  L.  Fire  Investigation.  John  Wiley  & Sons,  Inc.,  Hew  York, 
1969. 

[22]  Hawkins,  S.  J. , and  J.  A.  Hicks.  A New  Explosives  Technique  for  Syn- 
thesizing a Wide  Range  of  Pressure  Waveforms  in  Air.  Part  1: 
Approximate  Theory  of  Air  Blast  from  Extended  Explosive  Charges. 
Ministry  of  Technology,  Explosives  Research  and  Development  Establish- 
ment, Waltham  Abbey,  Essex,  Oct.  2,  1968.  Report  No.  ERDE  9/R/68. 

[23]  Woolfolk,  R.  W. , and  C.  M.  Ablow.  Dependence  of  the  blast  wave  from  an 
explosion  on  the  energy  release  rate.  lit  Proceedings  of  the  Fifteenth 
International  Symposium  on  Combustion,  August  1974. 

[24]  Strehlow,  R.  A.,  L.  D.  Savage,  and  G.  M.  Vance.  On  the  measurement  of 
energy  release  rates  In  vapor  cloud  explosions.  Combustion  Sci. 
Technol.  6- 307-312,  1973. 

[25]  Strehlow,  R.  A.,  and  A.  A.  Adamczyk.  On  the  Nature  of  Non- Ideal  Blast 
Waves.  Engineering  Experiment  Station,  College  of  Engineering, 
University  of  Illinois,  Urbana,  April  1974.  Report  No.  AF0SR-TR-0834. 

[26]  Karim,  G.  A.,  and  P.  Tsang.  Flame  propagation  through  atmospheres 
involving  concentration  gradients  formed  by  mass  transfer  phenomena. 
Presented  at  the  ASME-CSME  Fluids  Engineering  Conference,  Montreal, 
13-15  May  1974. 

[27]  Lewis,  B.,  and  G.  van  Elbe.  Combustion,  Flames  and  Explosions  of 
Gases.  Academic  Press,  Inc.,  New  York,  1951. 
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tonative  combustion  yields  the  shock  waves  which  are  so  destructive.  Defla- 
srative  combustion  waves,  on  the  other  hand,  produce  a "whoosh"  not  a 
"bang."  However,  it  appears  that  if  the  initial  extent  of  apace  experiencing 
deflagratlve  combustion  is  large  enough,  the  subsonic  pressure  waves  propa- 
gating away  from  the  combustion  rone  may  "shock  up"  and  develop  into 
damage-generating,  finite  amplitude  blast  waves. 

Other  factors  not  considered  by  this  explosion  model  include  Mach  stem 
formation  (18]  and  confined  explosions.  Although  treatment  of  explosions 
resulting  from  the  seepage  of  flamnable  vapor  into  a confined  space  is  not 
currently  implemented  in  the  VM,  the  damage  potential  from  such  explosions 
is  large  as  demonstrated  in  Appendix  C5. 

The  Flash  Fire  Submodel 


The  major  damage  mechanism  of  the  flash  burning  of  the  vapor  cloud  is 
the  heat  generated  by  the  combustion.  This  heat  may  cause  ignition  of 
combustible  materials  within  or  near  the  burning  cloud.  This  heat  may  also 
cause  burn  damage  to  living  organisms  within  the  affected  area. 

The  flash  burning  occurs  at  a very  rapid  rate.  Following  the  com- 
bustion, the  hot  gases  remaining  lose  heat  by  radiation,  conduction, 
and  admixture  of  cooler  gas.  The  cooling  of  the  combustion  products 
also  occurs  at  a relatively  rapid  rate. 

Damage  to  materiel  and  personnel  from  the  flash  fire  is  dependent 
on  the  amount  of  heat  transferred  and  the  nature  of  the  heat  transfer 
to  the  vulnerable  receptors.  The  parameters  affecting  damage, and  to 
some  extent  the  damage  mechanisms  themselves,  are  roughly  the  same  for 
both  living  and  nonliving  receptors.  For  combustible  materials,  the 
significant  damage  criterion  is  whether  or  not  ignition  has  occurred. 

In  general,  the  noncombustible  materials  will  be  considered  undamaged 
by  the  flash  fire;  the  level  and  duration  of  heating  are  expected  to  be 
low  enough  so  that  damage  to  noncombustibles,  such  as  buckling  of 
steel  beams  or  calcination  of  bricks,  is  not  expected  to  occur.  The 
ignition  of  combustible  materials  is,  however,  expected  to  be  a signi- 
ficant damage  mechanism  for  the  flash  fire.  The  ignitability  of  a com- 
bustible item  depends  upon  a plethora  of  physical  parameters. 

However, as  explained  in  Appendix  D,  the  only  parameters  used  in  the  VM 
to  determine  ignitability  are  (1)  radiation  intensity  and  (2)  duration  of 
the  radiation.  Unfortunately,  the  fire  hazard  presented  by  the  flash  fire 
is  quite  different  from  the  controlled  experiments  through  which  ignition 
and  burn  criteria  are  obtained.  In  the  controlled  experiments,  the  radiation 
intensity  was  maintained  at  a constant  level;  in  the  flash  fire,  the 
temperature  of  the  reaction  products,  and  therefore  the  radiation  intensity 
therefrom,  decreases  rapidly  with  time  subsequent  to  the  ignition  of  the 
vapor  cloud.  Since  ignition  data  for  this  type  of  radiation-time  variation 
are  not  available  (nor  are  they  likely  to  be),  the  approach  taken  here  is  to 
use  the  data  available  for  a constant  radiation  level.  To  use  the  available 
data,  the  variation  in  the  radiation  with  time  that  actually  occurs  during 
the  flash  fire  must  be  parameterized  by  a single  radiation  level  and  an 
effective  duration  time  for  that  radiation  level. 
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Since  it  has  been  determined  that  the  significant  parameters  are  the 
intensity  and  duration  of  radiation  from  the  hot  combustion  products 
resulting  from  the  flash  fire,  the  time  history  of  thermal  radiation  from 
the  hot  gases  should  be  considered  in  detail  before  the  precise  forms  of  the 
parametric  intensity  level  and  time  duration  are  chosen.  Following  the  flash 
fire  of  a puff  of  flammable  gac  an  ellipsoidal  shell  of  hot  gas  remains.  As 
mentioned  previously,  this  layer  (shell)  of  gas  loses  heat  by  radiative,  con- 
ductive, and  convective  heat  transfer  processes. 

By  far  the  most  important  heat  loss  mechanism  in  this  situation  is 
radiation.  Consider  a prismatic  volume  of  gas  losing  heat  by  radiation 
through  one  end  surface  as  shown  in  Figure  4-2.  The  heat  1,088  from 
the  volume  of  gas  by  radiation  through  that  surface,  A , can  be  expressed 
by  r 


o [ e 


S g 


- e T 4] 
a a 


(4-11) 


where 


q ~ heat  loss  by  radiation  (J/S) 

2 

A^  - area  through  which  the  radiative  heat  loss  occurs  (m  ) 

T ,T  ■ temperatures  of  the  radiating  gas  and  the  environment  to 
R a which  the  hot  gas  radiates,  respectively  l°K) 

Ee*  respective  emissivities  oi  the  gas  and  environment 
8*  a 

^ g 4 2 

0 **  Stefan-Boltzmann  constant  « 5.67  x 10  J/(*K  -m  -a) 


Radiation  from  a volume  of  gas  depends  to  a large  extent  upon  the 
presence  in  that  gas  volume  of  gas  molecules  capable  of  absorbing  and 
emitting  infrared  radiation.  For  the  combustion  products  in  which  we 
are  Interested,  the  significant  molecules  are  CO2  and  H2O.  The  emis- 
8ivity  of  a gas  layer  containing  such  molecules  depends  upon  (1)  the 
layer  thickness,  (2)  the  partial  pressure  of  the  thermally  active  spe- 
cies, and  (3)  the  temperature  of  the  gas.  Figure  4*  3 shows  the  emis- 
sivity  of  water  vapor  as  a function  of  temperature  and  the  product  of 
partial  pressure  and  layer  thickness.  Not  shown  is  the  fact  that,  for 
water  vapor,  emlsslvity  is  also  a function  of  partial  pressure  (as  well 
as  the  product  of  partial  pressure  and  layer  thickness).  For  CO2,  the  beha- 
vior of  emlsslvity  is  similar  to  that  shown  in  Figure  4-3  for  water 
vapor.  When  both  CO2  and  H2O  are  present,  the  total  emissivity  is  not 
just  the  sum  of  the  separate  emissivities  for  each  species,  but  a slight- 
ly more  complicated  computation  must  be  performed  to  arrive  at  the 
total  emissivity.  Regardless  of  these  complicating  factors,  it  should 


The  authors  recognize  the  dual  use  of  0 for  both  Stefan-Boltzmann  constant 
and  air  dispersion  coefficient;  however,  the  use  of  0 in  each  discipline 
is  so  universal,  that  a change  of  symbology  for  this  report  might  cause 
more  confusion  than  it  would  prevent. 
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FIGURE  4-3 

EMISSIVITY  Or  WATER  VAPOR 

Shown  as  a function  of 
temperature  with  optical  thickness 
(the  partial  pressure  of  H20  times  the 
physical  thickness)  as  a parameter  [28] 


[28]  Kutateladze,  S.  S.,  and  V.  M.  Borishans.cii . A Concise  Encyclopedia 
of  Heat  Transfer  (translated  by  J.  B.  Arthur).  Pergamon  Press,  New 
York,  1966. 
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be  pointed  out  that,  for  the  conbustion  of  flammable  vapors*  the  partial 
pressures  of  either  C02  or  H2O  are  liable  to  be  in  the  neighborhood  of 
0.1  atmospheres.  On  the  other  hand,  the  thickness  of  the  ellipsoidal 
shells  under  consideration  is  liable  to  be  tens  of  meters  if  not  indeed 
hundreds  of  meters.  Consequently,  the  emissivities  that  result  will  (1) 
be  rather  high  values  of  the  order  of  0.5  and  (2)  not  change  very  much 
with  either  temperature  or  layer  thickness.  The  layer  thickness  to 
which  the  hot  gas  is  radiating  is  essentially  infinite,  since  the  atmos- 
phere is  many  hundreds  of  meters  thick. 

Although  radiation  is  the  primary  mechanism  by  which  the  hot  gas 
layer  loses  heat  to  the  surroundings,  other  heat  transfer  mechanisms  are 
occurring  simultaneously.  Rather  than  considering  these  processes  sepa- 
rately, the  additional  heat  loss  can  be  approximated  by  raising  the  emis- 
8ivity  of  the  hot  gas  layer.  Therefore,  because  of  the  large  thicknesses 
of  both  the  emitting  and  absorbing  gas  layers  and  because  additional 
methods  of  heat  transfer  are  to  be  ignored,  we  take  as  a suitable  approx! 
nation  that  the  emissivities  of  the  hot  gas  and  the  absorbing  atmosphere 
are  both  equal  to  one.  Therefore,  equation  (4-11)  becomes 


, - *ro(Ig‘-Ta‘)  (4-12) 

Now  the  heat  loss  from  the  layer  of  hot  gas  causes  the  temperature 
of  the  layer  to  change  according  to  the  relation 


d 


P V. 


(4-13) 


where 


C * specific  heat  at  constant  pressure  (J/K  -°K) 

P 3 

p ■ density  of  the  layer  of  hot,  radiating  gas  (K  /M  ) 

© 

V - volume  of  the  radiating  gas  layer  (M3) 
r 


Although  the  layer  of  hot  gas  is  comprised  of  combustion  products,  unburnt 
fuel,  and  air,  it  will  nearly  always  be  mostly  air;  therefore,  in  the  com- 
puter program  at  this  time,  the  density  of  the  gas  layer  is  set  equal  to 
that  of  the  ambient  air. 

Equating  the  heat  flows  in  equations  (4-12)  and  (4-13)  and  solving 
the  resulting  nonlinear  differential  equation  for  temperature  as  a 
function  of  time  gives 

/ T T -T 

at  + c 3 (arctan  (— A-)  - — In  (f\j ~)  1 (4-14) 

2T  ‘a  g a 

a 
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and 


a 


A a 
r 


CpPVr 


(4-16) 


and 


T ■ the  initial  temperatut  i of  the  gas  layer  iasnediately  after 
combustion 

Equation  (4-14)  indicates  that  the  temperature  of  the  gas  in  the 
heated  layer  declines  very  rapidly  at  first  from  the  initial  temperature, 
Tj,  and  then  the  temperature  declines  at  a diminishingly  smaller  rate; 
i.e.,  Tg-*Ta  only  as  t + *.  Since  the  time  at  which  the  gas  tempera- 
ture reaches  the  ambient  temperature  is  not  finite,  let  us,  in  a manner 
similar  to  the  procedures  used  in  nuclear  physics  and  electronics,  con- 
sider the  time  at  which  the  gas  temperature  is  midway  between  and  Ta; 
that  is,  let  us  consider  the  "half  life"  of  the  elevated  temperature 
layer.  If  we  take 

T + T 

Tg  2 * <4-17) 

then  the  time  at  which  this  temperature  is  attained,  t j 1®  given  by 


cl/2  " ~3  farct«n  (~)  - arctan  (^j-)-  1 <4-18) 

2aT 

a 


where 


The  variation  of  tj/2  wlth  B is  shown  in  Figure  4-4.  As  B increases, 
i.e.,  as  the  initial  temperature  Increases,  the  time  required  to  reach  the 
one-half  temperature  level  decreases.  This  is  because  the  heat  transfer 
rate  Js  proportionately  higher  at  higher  initial  temperatures. 

Now  we  are  in  a position  to  parameterize  the  temperature-time  varia- 
tion of  the  hot  gas  layer  by  an  effective  temperature  and  effective  radia- 
tion intensity.  For  the  effective  radiation  intensity,  1^,  we  take 
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FIGURE  4-4 

VARIATION  OF  t x/2  with  6 

Variation  in  "half-life"  time,  tj/2,  as  a function  of 
temperature  ratio,  8-(Ti/T  ).  Note  that  tj/2  is 
multiplied  by  the  scale  factor,  2 T.^a  (as  given  by 
equation  (4-16)) 


(4-20) 


Ir  - o [T,*  - Ta*J 


where  T le  given  by  equation 

O 


For  the  effective  duretion(  t_, of  the  radiation  we  take 


'eff  * 3c1/2 


(4-21) 


where  t^2  is  given  by  equation 

The  initial  temperature  la  taken  to  be  the  adiabatic  flame  tempera- 
ture, as  is  listed  in  the  VM  properties  file. 

To  complete  the  formulation  of  the  problem,  the  factors  Ay  and  Vr 
in  equation  4-10  oust  be  given.  The  volume  of  the  half  ellipsoidal 
shell  in  given  by 

vr  . . 1JL_  ax  Of  az  (ry3  - rL3)  (4-22) 

and  the  area  of  radiation  is  given  approximately  by 

Ar  " ‘T1  <rU2  + rL2)  (°x  +°y  *<^)  (4-23) 

where,  as  discussed  in  Chapter  3,  o^,  o , and  are  the  dispersion 
coefficients  for  the  puff  and 

r - (2  In  ( rr~ •)J*/* 

<27T)  °xV.*» 

2m  l /, 

- (2  In  ( rf“ )] 

(2ir)  /2o  O o K. 

x y it 

Ky  ■ concentration  at  the  upper  explosive  limit  (Kg/m3) 

• concentration  at  the  lower  explosive  limit  (Kg/m3) 

m - total  mass  of  vapor  released  (Kg) 

The  origin  of  these  terms  is  given  in  more  retail  in  Appendix  C2. 


The  Pool  Burning  Submodel 

Since  this  submodel  is  largely  based  on  models  developed  previously 
under  USCG  sponsorship,  it  is  not  necessary  to  provide  detailed  descriptions 
of  them  in  this  report.  Further  details  are  provided  in  Chapter  2 and  in 
the  CHRIS  documentation  (2). 
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CHAPTER  5 


INPUT/OUTPUT  DATA  FOR  PHASE  I 


Introduction 


This  chapter  summarizes  the  input  data  required  to  run  the  VM  and  the 
types  of  output  data  to  be  provided  to  Phase  II  for  use  in  assessing 
injuries  to  people  and  damage  to  property.  In  addition,  the  approach  to 
preparing  a geographical  grid  cell  structure  is  described. 

There  are  three  types  of  data  required  to  run  the  VM: 

(1)  chemical  property  data  stored  in  a library  file; 

(2)  geographical /demographic  data  for  the  general  region  of  Interest, 
also  stored  in  a library  file; 

(3)  spill  and  environment  definition  data,  supplied  as  input  by  the 
user  for  each  spill  considered. 

In  the  following, detailed  consideration  of  each  class  of  input  data  is 
given.  The  "Vulnerability  Model  User's  Manual"  details  the  mechanics  of 
data  input  and  output. 

Chemical  Properties  Data 

The  chemical  properties  file  is  designed  to  contain  71  physical  and 
chemical  properties  constants  for  more  than  400  hazardous  materials.  The 
71  properties  that  may  be  stored  in  the  file  for  each  material  are  listed 
in  Table  5-1.  This  table  was  generated  by  a reporting  computer  program 
developed  and  run  under  another  Coast  Guard  effort.  The  USCG  currently 
has  an  ongoing  program  to  expand  the  properties  file  and  to  fill  ...  y gaps 
that  now  exist. 

The  chemical  properties  file  provides  virtually  all  of  the  physical 
and  chemical  properties  constants  related  to  the  hazardous  material  that 
are  required  to  run  the  HACS  programs  described  in  the  CHRIS  and  HACS 
documentation.  In  some  Instances,  the  properties  file  does  not  contain 
values  for  the  required  constant.  In  such  cases,  the  computer  executive 
automatically  refers  to  a default  property  value  file  to  obtain  an  estimated 
value.  Since  these  estimated  values  are  chosen  to  apply  to  a large  number 
of  substances,  the  errors  Induced  by  using  default  vclues  can  be  quite 
significant;  therefore,  every  effort  should  be  made  to  provide  missing 
values  in  the  properties  file,  so  that  default  values  are  not  used.  These 
missing  values  can  be  provided  as  part  of  the  user-supplied  iaput  data 
and  will  override  the  default  values. 
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TABLE  5-1.  CONSTANTS  CURRENTLY  LISTED  IN  THE  CHEMICAL  PROPERTIES  FILE 

«M*C«UT!ON  UNITS  DESCRIPTION 


MOi«T 

NO 

ROtCCULAR  ac f GMT 

NM 

C 

NORMAL  BOILING  POINT 

Nr  i* 

c 

normal  rRtc*iNO  point 

CRUM 

c 

CRITICAL  TfM* 

critpr 

ON/CN * 

CRITICAL  PRCSSURC 

SPCGV 

NO 

SPtciric  gravity  at  a point 

SGTCMP 

c 

TCMr.  TOR  SPtciric  GRAVITY 

STATE 

NO 

state  or  Chemical. nouio  - SOLIO 

101 

ON/CN) 

constant,  lig  oen  eoua 

to* 

•NO 

cocrr  linear  term.  Llo  OEN  tOUA* 

10) 

•no 

cocrr  Square  term,  Llo  oen  eoua 

tour 

c 

UPPER  TEMP  POUND.  LIO  OEN 

1010 

c 

LO«E»  TEmP  BOUNO.  LIO  OEN 

LIOVIS 

O-S/CN* 

UOUIO  VISCOSITY  at  a point 

l VTEMP 

c 

TENP.  TOR  Ll)  vis 

IV! 

•no 

CONSTANT,  LIO  VIS  EOUA 

LV* 

•no 

cotrr  i/T.  lIq  vis  eoua 

tvur 

c 

UPPER  UhP.  POUND  LIO  VIS 

tvtO 

c 

lover  HmP.  BOUNO  Llo  vis 

ITmCO 

C4L/CNSC 

LINUIO  Thermal  CONDUCTIVITY  AT  A POINT 

tKTCN 

c 

TEMP  fOH  no  The R COHO 

tin 

AMO 

CONSTANT  LIO  Tm£R  CONO  eoua 

tic* 

*M0 

coirr  linear  term,  lio  Ther  cono  eoua 

ttcur 

c 

UPPER  temp  POUNO.  LIO  ther  CONO 

tTCtO 

c 

lover  TEMP  BOUND,  LIQ  TmER  CONO 

lHC*r 

CAl/O-C 

LlOUIO  »«£Af  CAPACITY  AT  A POINT 

IHC’CN 

c 

temp  TOR  LIO  MEAT  cap 

tun 

NO 

constant,  no  MEAT  cap  eoua 

tHC* 

NO 

COEFF  LINEAR  TER",  LIO  mCaT  CAP  EOUA 

incur 

c 

UPPER  TEMP  SOUND,  LIO  MEAT  cap 

IHCIO 

c 

LOvCR  TE HP  SOUND,  LIO  MEAT  CAP 

shun 

O/CN 

SURFACE  TENSION  At  A POINT 

STUN 

C 

TEMP  FOR  SURFACE  TENSION 

irttN 

O/CN 

INURE4CIAL  tension  AT  A POINT 

iruN 

c 

TEMP  F OR  InTEmFACIAL  TENSION 

SOLUS 

0/1006 

SOLUS  I L 1 T Y AT  A POINT 

SOLUM 

c 

temp  row  SOLUttUlTr 

SOLI 

NO 

constant,  solupilitt  eoua 

SOL* 

•no 

COEFE  LINEAR  TEB“,  SOluhIlITY  EOUA 

vri 

•no 

CONSTANT  A,  YAPgR  PPESSU«£  EOUA 

VP* 

•no 

CONSTANT  r,  vapor  PBESSU»l  EOUA 

VP) 

•no 

constant  f,  vapor  PMESSURE  E QUA 

VPUP 

c 

UPPER  TEmP  BOUNO,  V*P(|B  PBCSSU»C 

VPtO 

c 

LOVE B Temp  SOuNO.  YAMON  PRESSURE 

VNCl 

ND 

CONSTANT,  vaPOR  meat  capacity  eoua 

VHC* 

NO 

COEFF  LINCA*  TERM,  VAPOR  MEAT  CAP  EOUA 

VHC) 

NO 

COEFF  Square  TERM,  VAOOP  MEAT  cap  EOUA 

VHC* 

NO 

COEFF  CUSCO  TERM,  yapoP  MEAT  CAP  CQUA 

VHCUP 

c 

UPPER  TEmP  BOUNO*  VAPOR  m£aT  C»P 

VHCLO 

c 

lover  TEmP  BOUNO,  VAPCR  "EAT  CAP 

rus 

CAL/O 

HEAT  OF  FUSION 

VAPOR 

CAL/O 

hC AT  OF  VAPORIZATION 

COMB 

C»L/0 

HEAT  cr  combustion 

OCCON 

CAL/O 

HEAT  OF  OrCOMPOSI T ION 

S0LM5 

C»l/0 

HEAT  of  SOLUTION 

SOlHR 

C»L/0 

MEAT  OF  REACT  IONKITH  VATERI 

POLY 

cal /a 

HEAT  Or  POLYMERIZATION 

rt-LO 

NO 

LOVER  FLAmaBILITY  LIMIT 

rtMUP 

NO 

UPPER  FLA.'AHILITV  LIMIT 

rrnrt 

CM/S 

BURNING  RATE 

TO*  IN 

PPM 

tomciTy  by  Inhalation 

NM4LP 

PPM 

SHORT  UHM  IHHALATfON  LIMIT 

NWAL  T 

s 

Short  Term  i ATI  ON 

TO*LO 

G/ro 

LOVER  limit  10AICITY  ST  INGESTION 

TO*UP 

l/KO 

UPPER  LIMIT  t0*ICITY  BY  INGESTION 

latetok 

NO 

LATE  T0«|C|TT 

AOFLM 

c 

AOIASaTIC  FL»*'t  Temp 

NOLR* 

NO 

MOLECULAR  patio,  reactanis  to  products 

rinrutt 

NO 

SToIChIOmi  TRlC  AIR  In  FUEL  RATIO 

riMUM 

c 

FLAMC  TtPI'ERATURE 

molfrac 

NO 

LIMITING  VALUE.  ROL  FRACTION  CONC 

•Error  in 

diraens tonal 

units  as  reported  on  tills  tflhle. 
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The  tae|tiphieal/dwo|raphle  data  required  as  Phase  1 input  ara  llatid 
In  Table  5-2.  Mot  oil  of  the  dots  listed  in  Tablt  5-2  srs  st  prossnt  ussd 
In  ths  operation  of  ths  VM;  however,  spece  is  allowed  for  these  data  and, 
in  som  cases,  the  data  are  entered  in  ths  event  that  further  developments 
of  the  VM  require  this  information.  Those  items  narked  by  an  asterisk  in 
Table  5-2  are  currently  used  for  computations  in  the  VM.  In  order  to  input 
these  data,  it  is  necessary  to  partition  the  macroregion  in  which  the  spill 
is  to  be  simulated  into  grid  cells  for  which  representative  geographical/ 
demographic  data  My  be  supplied.  To  this  end,  a major  city  and  its 
surrounding  areas,  including  a 30-mile  segment  of  a navigable  river,  were 
partitioned  into  more  than  400  grid  cells.  These  cells  were  determined, 
for  slMiletlon  purposes,  so  that  it  could  then  be  assiMad  that  whatever 
occurs  within  a cell  does  so  uniformly  throughout  the  cell.  The  river  cells 
are  nuabered  in  ascending  order  from  upstream  to  downstream. 


The  approach  taken  to  this  partitioning  was  to  equate  a census 
tract,  as  defined  by  the  U.S.  Department  of  Coamerce,  to  e cell,  by 
definition,  a census  trset  is  a "...snalx  area  into  which  large  cities 
and  Mtropolltan  areas  are  divided  for  statistical  purposes.  Tract 
boundaries  are  established  cooperatively  by  a local  committee  and  the 
Bureau  of  the  Census  and  are  generally  designed  to  achieve  som  uni- 
formity of  population  characteristics,  economic  status,  and  living 
conditions" (29] . Those  census  tracts  that  include  both  land  and 
water  were  partitioned  into  two  or  more  cell  . The  river  Itself  was 
aivided  into  84  cells,  so  that  no  cell  would  be  larger  than  1 mile  in 
length  and  so  that  each  cell  would  be  approxiMtely  rectangular  in 
shape  as  required  for  river  flow  simulation. 


Figure  5-1  la  a reduced  copy  of  a portion  of  the  map  of  an  urban  area. 
Tracts  on  the  sip  are  identified  numerically  (e.g.,  215,  234)  and  are 
separated  from  one  another  by  solid,  dark  lines.  For  VM  simulation 
purposes,  the  center  of  each  tract  (or  cell)  is  identified  by  the  latitude 
and  longitude  at  its  centermost  point.  For  Irregularly  shaped  tracts,  a 
point  is  chosen  to  be  representative  of  the  tract  area.  Thus,  the  cell 
is  identified  only  by  a representative  point,  not  by  a description  of  its 
boundaries. 


Data  for  each  tract  are  available  from,  among  other  sources,  the  1970 
Census  of  Housing  Report  for  the  city.  The  data  include,  for  each  tract, 
total  populaton,  percent  of  population  under  18  and  over  62  years  of  age, 
assessed  dollar  value  of  houses,  etc.  Additional  data  (such  as  land  use, 
etc.)  were  used  in  preparation  for  testing  the  VM;  several  sources  of 
these  applicable  data  are  being  used.  The  population  statistics  represent 
the  number  of  persons  residing  in  a given  cell,  not  necessarily  the 
number  of  persons  in  the  cell  at  any  given  time.  The  estimated  dollar  value 
of  structures  is  given  only  for  residential  property;  these  values  were 
derived  from  the  responses  to  census  questionnaires.  It  is  a limitation 
of  the  VM  that  the  dollar  values  for  damage  assessment  do  not  Include  dSMge 
to  cosutercial  property. 


[29]  U.  S.  Department  of  Conmerce,  Bureau  of  the  Census,  1970  Census  of 
Housing,  Block  Statistics,  September  1971. 
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TABLE  5-2.  GEOGRAPHICAL/DEMOGRAPHIC  DATA  INPUT  FOR  PHASE  I 


For  Land  Areas 

* 1.  Grid  nuaber 

* 2.  Latitude 

* 3.  Longitude 

*4.  0 (denotes  land  grid) 

* 5.  Total  population 

6.  Percent  of  population  under  18  years  of  age 

7.  Percent  of  population  over  62  years  of  age 

* 8.  Percent  of  population  sheltered 

* 9.  Total  nuaber  of  housing  units 

*10.  Average  assessed  dollar  value  per  unit  dwelling 

11.  Housing  construction  material 

12.  Nuaber  of  schools 

13.  Land  use 

14.  Uniformity  of  the  land  topography 
*15.  Ignition  source  code 


For  Water  Areas 


* 1.  Grid  number 

* 2.  Latitude 

* 3.  Longitude 

* 4.  Depth  (nonzero) 

* 5.  Length  of  cell 

6.  Direction  of  water  current 

* 7.  Ignition  source  code 

* 8.  Speed  of  current 

9.  Tidal  condition 

10.  Water  turbulence  level 

11.  Water  temperature 

12.  Water  density 

13.  Salinity 


These  items  are  currently  used  for  computing  results  in  the  VM. 
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Bureau  of  the  Census  publications  obtained  from  the  GPO  include  a 
description  of  pier  facilities  containing,  among  other  information,  listings 
of  the  industries  that  make  use  of  the  pier  facilities. 

Detailed  7—1/2  minute  maps  of  the  entire  area  selected  for  the 
teat  have  bean  obtained  from  the  United  States  Geological  Survey  Map 
Division  in  Arlington,  Virginia. 

The  National  Climatological  Data  Service  in  Asheville,  North 
Carolina,  provided  meteorological  data  covering  the  years  1971  through 
1973.  Data  Include  dally  and  monthly  temperature  readings,  wind  speed, 
and  wind  direction. 

Nautical  charts  and  other  data  have  been  obtained  from  the 
National  Ocean  Survey  Distribution  Center  in  Riverdale,  Maryland. 
These  include  tide  tables,  tidal  current  tables,  shipping  lanes 
and  river  and  channel  depths. 

Nautical  charts  have  been  obtained  from  the  National  Ocean  Survey 
Distribution  Center  in  Riverdale,  Maryland.  These  include  tide  tables, 
tidal  current  tables,  shipping  lanes,  and  river  and  channel  depths. 

Solll  and  Environmental  Definition  Data 


The  third  category  of  input  data  required  for  Phase  I operation  is 
the  detailed  information  that  defines  the  spill  and  the  environment  in 
which  it  occurs.  There  are  four  subcategories  into  which  this  type  of 
input  data  falls,  namely 

1.  definition  of  the  subset  of  grid  cells  which  are  to  be  included 
in  the  simulation 

2.  spill  definition  data 

3.  environmental  data 


4.  user  override  data 


The  data  comprising  item  1 merely  constitute  a list  of  the  numbers  of 
the  grid  cells  which  are  to  be  considered  in  the  simulation.  Because  of 
the  manner  in  which  the  simulation  proceeds,  these  cells  need  not  be 
contiguous.  However  a clearer  picture  of  what  occurs  is  obtained  if  the 
cells  considered  fill  out  an  approximately  rectangular  region. 

The  data  comprising  item  2 consist  of  spill-related  data,  such  as: 

spill  location 
size  of  spill 
substance  spilled 

temperature  and  pressure  in  the  cargo  container 
diameter  of  the  vent  or  puncture 

As  with  other  types  of  input  data,  if  no  value  is  specified,  the  default 
value  file  will  supply  a value  for  the  missing  item. 

The  environmental  data  comprise  a description  of  the  physical  back- 
ground in  which  the  spill  occurs;  included  in  these  data  are  items  such  as: 
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air  temperature 
wind  velocity 
humidity 

atmospheric  stability  class 
barometric  pressure 

The  final  category  of  data  consists  of  input  items  that  will  override  default 
file  values.  That  is,  if  the  default  values  for  constants  missing  from  the 
properties  file  appear  undesirable,  the  user  may  override  the  default  values 
with  his  own  inputs. 

Phase  I Output  to  Phase  II 

The  type  of  data  output  from  Phase  I to  Phase  II  depencs  upon  what 
course  of  events  the  simulation  follows.  The  data  are  presented  on  a cell- 
by-cell  basis.  Certain  types  of  data,  such  as  vapor  concentration,  are 
delivered  as  output  for  each  time  step.  Other  types  of  data,  such  as 
thermal  radiation  intensity,  are  delivered  as  output  only  once  because  of 
the  nature  of  the  models  involved.  Table  5-1  lists  the  types  of  data 
generated  by  Phase  I and  used  by  Phase  II  to  make  damage  assessments. 


TABLE  5-3 


PHASE  I OUTPUT  DATA  FOR  EACH  CELL 


Dimensional 

Units 

Generating 

Submodel 

Generated 

Every 

Time 

Interval? 

1. 

Gas  concentration 

kg/m3 

AD 

Yea 

2. 

Interval  duration 

8 

E 

Yes 

3. 

Liquid  concentration 

kg/m3 

WM 

Yes 

4. 

Effective  thermal 
radiation  intensity 

J/m2-s 

FF 

No 

5. 

Effective  time  duration 

s 

FF 

No 

6. 

Thermal  radiation 

J/m2-s 

PB 

No 

/ • 

Burning  time 

s 

PB 

No 

8. 

Peak  over  pressure 

N/o2 

EX 

No 

9. 

Dynamic  impulse 

N-s/m^ 

EX 

No 

Key  to  submodel  abbreviations 

AD  - air  dispersion 
E - executive 
EX  - explosion 
FF  - flash  fire 
PB  - pjol  burning 
WM  - water  mixing 
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CHAPTER  6 


PHASE  II  ASSESSMENT  PROCEDURES 


Introduction 


Phase  I of  the  VM  simulates  the  spill  Itself,  the  physical  and  chemical 
transformations  of  the  spilled  substance,  and  its  dissemination  in  space. 

The  history  of  the  spill  development  simulated  in  Phase  I is  stored  by 
grid  cell  and  time  interval.  These  data,  constituting  what  is  referred  to 
as  the  "time-history"  file,  along  with  vulnerable  resources  data  are  the 
input  to  Phase  II.  Phase  II  assesses  the  effects  of  the  spill  on  vulnerable 
resources:  people,  structures,  and  the  environment.  This  chapter  summarizes 

procedures  of  Phase  II. 

Injury  and  Damage  to  Vulnerable  Resources 

The  vulnerable  resources  of  interest  in  the  VM,  namely  "people," 
"property,"  and  "the  environment,"  are  subject  to  a plethora  of  potential 
hazards  from  spills  of  marine  cargoes.  For  example,  the  vulnerable 
resource  " people"  may  be  affected  by  inhalation  of  toxic  vapor;  by 
burns  from  thermal  radiation  from  a fire,  either  flash  fire  or  pool  burning; 
by  peak  overpressure  or  impulse  from  an  explosion, manifested  as  direct  im- 
pact or  fragment  injuries;  by  ingestion  of  toxic  substances;  by  in- 
filtration of  the  skin,  mucous  membranes,  or  eyes  by  toxic  substances;by 
asphyxiation  from  high  concentrations  of  gases  not  usually  considered 
hazardous;  by  pulmonary  burns  resulting  from  the  inhalation  of  burning  or 
hot  gases;  by  the  inhalation  of  toxic  combustion  products;  by  frostbite 
from  cryogenic  liquids;  by  accidential  injury  resulting  from  individual 
or  group  panic;  by  complications  of  injuries  as  a result  of  substandard 
medical  treatment  caused  by  damage  to  or  overtaxing  of  medical  facilities 
and  personnel;  by  injury  from  secondary  events  (secondary  fires,  secondary 
explosions,  vehicular  accidents,  etc.)  that  are  induced  by  the  initial 
spill  and  1 t s Immediate  effects. 

At  this  time,  however,  only  a limited  number  of  damage  mechanisms  are 
simulated  by  the  VM.  The  vulnerable  resource  "people"  is  modeled  to  be 
affected  by  inhalation  of  toxic  vapor,  by  thermal  radiation  from  a flash 
fire,  and  by  peak  overpressure  or  impulse  from  an  explosion,  or  by  some  com- 
bination of  these.  The  vulnerable  resource  "structures"  is  modeled  to 
be  affected  by  thermal  radiation  from  a flash  fire  or  burning  pool  and  by 
peak  overpressure  or  impulse  from  an  explosion.  For  the  vulnerable  resource 
"environment,"  defined  as  air  and  water  for  the  purposes  of  the  VM,  there 
is  no  direct  calculation  of  damage  caused  by  the  spilled  substance  in 
its  vapor  or  liquid  phase  or  by  a reaction  product.  Table  6-1  lists  the 
specific  types  of  injury  or  damage,  assessed  during  Phase  II  of  the  VM, 
that  are  caused  by  toxicity,  fire,  and  explosion, respec tively.  Damage  and 
injury  from  explosion  and  fire  are  treated  in  detail  in  Appendix  D;  injury 
from  toxic  vapors  is  discussed  in  depth  in  Appendix  E. 


75 


I 

f 


O 


*0 

TO 

Sv- 

L. 

o 

u 

u 

oj 

V 

a> 

to 

+> 

> 

ai 

> Q) 

a>  &- 

C 

c 

o 

u> 

O 

tn  s 

ft) 

<D 

to 

O ft) 

U 

3 

-x  5 

c E 

c 

TO 

C 

to  a. 

a.  a> 

o — - 

o 

ai 

E 

e 

E i- 

o to 

o 

a. 

a.  « 

• Q 

O 3 1MI 

o *-  u 

E a 3 

Hf  w « 
W i/I  4/1 

O.T3  ai  ai 
. e »-  w 


0)1  0)1  0)1 


(fl  C P 
3 

*C  £*0 

TO 

01  <U  j- 
> > 

*J  4->  #0 

H Jig 

<*-  H-  ft) 


s> 

2 Oft) 

H-  « )/* 

OQ  CO 

••  0-0  *) 

0)  L l_  -r-  4/1 

VI  O O +■»  ft)  «0 

o a.  *j  > — 

« >1  D Li-  X) 

U 1.  > +j  *J 

3 CKI4J 


'M  " Fr’l  5 SI  S 


C *4- 

0)  o 

E VI4) 

3 ft)  4/1  I/I 

« i-  <a  « 

l.Qft)'—'— 
<4-  E > -O  X) 

cr  i.  JS  4-i  4-» 


u.1  u. 


«*->  u a>  e—  ouoocotooo 
c ‘*-O30jto<dto**-  a»  a> 

i-m  XCEL-CXL.a>iOQ>l-L. 
O O 5 - E - E r-  * .C  -r- 
h W UQ«Q«U-H  VQO 


ft) 

*A 

>> 

fc. 

■o 

%- 

3 ft) 

c 

3 

to  *- 

3 

Q 3 

5 

C 

3 4-> 

* 

0> 

c 

> 

V.  O 

O 

u 

i- 

<9 

4> 

4U 

58 

3 

3 

E w 

S- 

E a» 

-O 

■n 

3 <♦- 

3 

CL 

to  zr 

c 

c 

U 

4-> 

"O  TO 

ft) 

o 

-C 

T3  0) 

O 

4-» 

£ 

0) 

■*-  -C 

4-> 

L c 

c 

f- 

TO 

4-> 

L. 

4-*  4-) 

c 

to 

*»  O 

3 

3 

to  a> 

TO 

o> 

•r-  fl 

o 

<U 

yj  co 

Q- 

£ 

s-  u 

0) 

ft) 

e «) 

to 

o 

3 -Q 

o 

■o 

Oi  o 

-C  4-» 

«-» 

—4 

t!  * 

U V) 

+) 

r“*  •*— 

3 SA 
C TO 

e 

c s. 

• 

4->  F— 

O i- 

-c 

S 

uo  o 

Li- 

21  »-• 

to 

v 

D 

r *n 

Z I 

• 

< 

3 <-< 



a.  nj 

e cw. 

O 4/ 
CJ  to 


These  functions  are  essentially  the  same  as  FI  and  F2;  however,  as  indicated  In  the  adjacent  column, 
slightly  different  arguments  are  used.  These  functions  have  not  yet  been  Implemented  as  part  of  the 
computer  program,  although  to  do  so  will  be  very  easy. 


Overview  of  Phase  II 


The  function  of  Phase  II  Is  to  read  the  time-history  file  of  the 
simulation,  to  compute  the  damages  resulting  from  the  values  of  physical 
parameters  contained  in  the  time-history  file,  and  then  to  assess  damages 
and  injury  to  the  vulnerable  resources  impacted  by  the  physical  events. 

An  overall  flow  chart  for  Phase  II  Is  presented  as  Figure  6-1.  In  moot 
cases,  the  percent  of  the  vulnerable  resources  affected  within  a given 
grid  cell  is  calculated  and  then  applied  to  the  numbers  of  vulnerable 
resources  present,  giving  the  total  nimbers  of  vulnerable  resources 
affected  (for  a given  time  period  and  given  grid  cell).  The  level  of 
damage  calculated  at  the  center  of  the  grid  cell  is  assumed  to  apply  to 
the  entire  grid  cell  and  all  of  the  vulnerable  resources  in  it.  The 
algorithm  for  computing  the  percent  affected  is  denoted  under  the  column 
headed  "Function”  in  Table  6-1.  The  factor  or  factors  computed  by  Phase  I 
and  used  by  each  algorithm  to  assess  damage  are  listed  in  the  adjacent 
column  of  the  table.  In  the  case  of  first-degree  burns  resulting  from 
the  thermal  radiation  of  a flash  fire,  the  percent  of  vulnerable  resource 
(people)  affected  in  each  cell  is  not  computed;  instead,  a message  is 
printed  out  Indicating  that  the  radiation  Intensity  and  duration  were 
sufficient  to  cause  first-degree  bums  in  that  cell.  For  all  other  damage 
assessment  cases  treated  in  the  VM,  the  percent  of  the  vulnerable  resource 
experiencing  the  given  type  of  damage  is  calculated. 

For  most  of  the  assessment  functions  Indicated  in  Table  6-1,  the 
percent  of  vulnerable  resource  damaged  is  related  to  the  causative  factors 
computed  in  Phase  I by  problt  equations  (to  be  explained  below).  However 
five  assessment  procedures  viz.,  B2,  B3,  F2,  F3,  and  T3,  do  not  use  probit 
equations.  As  mentioned  in  the  abov^  no  percentage  is  calculated  for  F2 
or  B2,  nonlethal  injury  to  people  from  fire.  For  B3  and  F3,  Ignition  of 
structures  by  pool  burning  and  flash  fire, respectively , it  is  assumed 
that  252  of  the  structures  in  a given  cell  are  ignited  when  the  ignition 
criteria  are  met  at  the  cell  center.  As  explained  further  in  Appendix  D, 
this  ad  hoc  assumption  of  252  was  used  as  an  expedient  estimate  to  account 
for  shielding  effects  without  performing  a detailed  analysis  and  calculation. 
Clearly  some  structures  will  be  shielded  from  radiation  by  other  intervening 
structures.  For  T3,  toxic  irritation  of  people,  it  is  assumed  that  1002 
of  the  subject  population  is  irritated  when  the  concentration  criterion 
for  irritation  is  met.  Nonlethal  injury  from  inhalation  of  ammonia  is 
not  simulated,  as  explained  in  Appendix  E;  thus  for  T2,  in  the  case  of 
anmonla,  zero  percent  of  the  population  is  always  assessed. 

The  remaining  assessment  calculations  are  based  on  probit  functions 
[30],  A probit  function  takes  the  following  form: 

Pr  - a + b loge  V (6-1) 

where  the  dependent  variable,  Pr,  is  a measure  of  the  percent  of  the  vul- 
nerable resource  affected  and  the  independent  variable, V,  is  some  function 
of  the  factor  that  causes  injury  or  damage  to  the  vulnerable  resource. 

The  coefficients  a (location  parameter)  and  b (slope  parameter)  are 


Probit  Analysis,  3rd  ed.  Cambridge  University  Press, 


(30]  Finney,  D.  J. 
London,  1971. 
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Figure  6-1.  PHASE  II  FLOW  CHART 
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computed  by  maximum  likelihood  estimation  similar  to  the  computation  of 
coefficients  for  classical  regression  equations.  The  variable  Pr  la 
referred  to  as  a probit  (probability  unit).  It  is  a Gaussian  distributed 
random  variable  with  mean  value  5 and  variance  1.  The  percent  of  the 
vulnerable  resource  affected  is  the  percent  corresponding  to  the  cumulative 
distribution  of  Pr.  This  correspondence  is  given  in  Table  6-2  in  which  the 
main  entries  are  problts  and  the  row  and  column  headings  give  the 
corresponding  percents. 

Each  of  the  assessment  equations  El,  E2,  E3,  E4,  E5,  FI,  Bl,  SI, 

S2,  Tl,  and  T2  (see  Table  6-1)  is  a problt  equation.  For  example,  equation 
El  is  the  problt  equation  for  estimating  deaths  from  lung  hemorrhage 
resulting  from  the  peak  overpressure  from  an  explosion.  El  is  given  by 

Pr  ■ -77.1  + 6.91  loge  (Pp) 

2 

where  Pp  is  the  peak  overpressure  in  N/m  . A peak  overpressure  of 
1.10  x 105  N/m2,  say,  gives  a probit  of  3.11.  Table  6-2  shows  that  this 
probit  corresponds  to  approximately  3Z  deaths  from  lung  hemorrhage.  The 
coefficients  (a  * 77.1  and  b ■ 6.91)  were  calculated  from  the  following 
data,  taken  from  Table  6-3: 


Percent 

Probit 

Peak 

Overpressure 

Affected 

(Table  6-4) 

(N/m2) 

1 2.67  1.00  x 103 


10 

3.72 

1.20  x 

105 

50 

5.00 

1.41  x 

105 

90 

6.28 

1.76  x 

105 

99 

7.33 

2.00  x 

105 

The  above  probits  and  the  logarithms  of  the  above  peak  overpressure  values 
were  Inserted  in  a computer  program  that  then  calculated  the  values  to  be 
used  for  a and  b. 

In  some  cases,  a function  of  the  variable  that  determines  injury  or 
damage  was  used  rather  than  simply  the  numerical  value  of  the  variable. 

For  example,  as  explained  in  Appendix  D,  the  probit  equation  FI  (deaths 
from  bums)  is  given  by: 

Pr  ■ -14.9  + 2.56  log^  [t  (I4/3)/104] 

where  t is  the  effective  duration  (in  seconds)  and  I is  the  effective 
radiation  intensity  (in  J/m2  seconds).  The  10^  is  used  solely  to  reduce 
the  magnitude  of  the  1^/3  value.  This  reduction,  in  turn,  is  absorbed  in 
the  slope  coefficient,  b (in  this  case  b ■ 2.56).  The  exponent  4/3  of  1 
was  obtained  Iteratively  to  provide  a good  fit  to  the  data. 

The  logarithm  is  conventionally  used  in  probit  equations,  not  for 
theoretical  purposes,  but  because  the  logarithm  usually  transforms  the 
relationship  between  causative  factor  and  response  into  a Gaussian 
function.  This  frequently  is  the  case  when  the  variable  to  be  computed 
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X 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

2.67 

2.95 

3.12 

3.25 

3.36 

3.45 

3.52 

3.59 

3.66 

10 

3.72 

3.77 

3.82 

3.87 

3.92 

3.96 

4.01 

4.05 

4.08 

4.12 

20 

4.16 

4.19 

4.23 

4.26 

4.29 

4.33 

4.36 

4.39 

4.42 

4.45 

30 

4.48 

4.50 

4.53 

4.56 

4.59 

4.61 

4.64 

4.67 

4.69 

4.72 

40 

4.75 

4.77 

4.80 

4.82 

4.85 

4.87 

4.90 

4.92 

4.95 

4.97 

50 

5.00 

5.03 

5.05 

5.08 

5.10 

5.13 

5.15 

5.18 

5.20 

5.23 

60 

5.25 

5.28 

5.31 

5.33 

5.36 

5.39 

5.41 

5.44 

5.47 

5.50 

70 

5.52 

5.55 

5.58 

5.61 

5.64 

5.67 

5.71 

5.74 

5.77 

5.81 

80 

5.84 

5.88 

5.92 

5.95 

5.99 

6.04 

6.08 

6.13 

6.18 

6.23 

90 

6.28 

6.34 

6.41 

6.48 

6.55 

6.64 

6.75 

6.88 

7.05 

7.33 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

99 

7.33 

7.37 

7.41 

7.46 

7.51 

7.58 

7.65 

7.75 

7.88 

8.09 

TABLE  6-2 

RELATIONSHIP  BETWEEN  PERCENTAGES  AND  PROBITS 


Probits  are  the  three  digit  numbers  in  the  table.  Percents  are  read 
along  the  top  and  side  margin  of  the  table.  The  vertical  column  of 
percents  gives  the  decade;  the  horizontal  column  gives  the  unit.  The 
table  entry  appearing  in  the  row  of  the  decade  value  and  the  column 
of  the  unit  value  is  the  probit  corresponding  to  that  percent.  The 
last  two  rows  in  the  table  provide  a finer  reading  for  very  high 
percent,  from  99.0  to  99.9.  The  second  to  last  row  is  the  tenths  of 
percent  to  be  added  to  992.  The  last  row  consists  of  the  corresponding 
probits. 
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1*  • a«A«ur«  of  parcant.  It  la  desirable  that  the  cauaatlva  factor  and 
response  ba  ralatad  by  a Gauaalan  function, because  auch  extensive  thaoratlcal 
work  haa  boon  performed  on  thla  distribution  that  tha  statistical  treatment 
of  such  distributions  raducad  to  tha  uaa  of  standard  methods,  For  all 
problt  aquations  usad  in  tha  VM,  the  logarithm  provided  exceptionally  good 
fits  to  tha  data  used. 

Table  6-3  summarises  tha  probit  equations  used  for  Phase  II  assessment. 
The  first  column  of  this  table  gives  the  aquation  symbol  that  corresponds  to 
the  function  given  in  Table  6-1.  The  second  column  of  Table  6-3  specifies 
the  type  of  injury  or  damage  for  which  the  equation  is  ujed,and  the  third 
column  specifies  the  types  and  unit(s)  of  measurement  of  the  variable  that 
affects  the  vulnerable  resource.  The  next  two  columns  give  the  location 
and  slope  parameters  (a  and  b)  of  the  corresponding  problt  equation.  The 
last  six  columns  list  the  date  used  to  compute  a and  b,  the  data  being 
given  in  palra.  Each  pair  consists  of  the  percent  of  vulnerable  resource 
affected  and  the  magnitude  of  the  variable  that  causes  this  percent  to 
be  affected.  The  above  data  used  for  estimating  the  coefficients  a and  b 
for  equation  El,  for  example,  are  listed  in  the  first  two  rows  of  the  last 
six  columns  of  Table  6-3. 

In  applying  percent  damage,  whether  derived  from  a problt  equation  or 
otherwise,  to  the  vulnerable  resource  "people,"  it  has  been  assumed  thst 
half  of  the  total  population  is  unsheltered  (outdoors)  and  thereby  subject 
to  damage.  Half  the  population  is  assumed  to  be  sheltered  (indoors)  and 
no  deaths  or  injuries  are  assessed  for  this  portion  of  the  population, 
because  more  complex  models  are  required  to  assess  injuries  to  people  in- 
doors. The  VM  does  not,  at  this  time,  attempt  to  determine  the  movements 
and  locations  of  the  population  as  a function  of  time  of  day,  day  of  week, 
and  weather  conditions,  so  half  the  population  was  arbitrarily  placed 
outdoors.  Furthermore,  census  data  have  been  used  to  estimate  the  population 
distribution  in  the  region  of  interest.  As  a consequence,  people  are 
modeled  to  be  at  their  place  of  residence  rather  than  at  work,  school, 
recreation,  or  in  transit. 

Double  Counting 

Provisions  have  been  made  in  the  VM  to  prevent  double  counting  in 
three  different  situations.  Double  counting  is  used  in  this  context  to 
mean  the  inclusion  of  an  element  of  some  vulnerable  resource  (e.g.,  a 
person  or  a building)  in  more  than  one  category  of  damage  or  injury. 

Three  situations  arise  in  which  double  counting  will  occur  unless  pro- 
visions are  made  to  prevent  it.  The  situations  are  as  follows. 

(1)  A single  damage  mechanism  from  one  event  simultaneously  causes 
injuries  of  differing  severity  (e.g.,  inhalation  of  toxic  gas  may 
cause  death,  nonlethal  injury,  or  irritation). 

(2)  Two  or  more  damage  mechanisms  from  one  event  simultaneously 
cause  injuries  of  the  same  severity  (e.g.,  sn  explosion  can  kill 
people  either  by  direct  blast  effects  or  by  impact). 

(3)  Different  events  at  different  times  both  cause  damage  to  the 
same  resource,  and  the  first  event  so  severly  damages  some 
portion  of  the  resource  that  further  damage  is  irrelevant 
(e.g.,  persons  killed  by  toxic  gas  cannot  be  further  injured 
by  a subsequent  explosion). 
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The  corrections  nsde  to  damage  assessment  for  double  counting  and  the  means 
by  which  these  corrections  are  obtained  are  described  in  depth  in  Appendix 
G.  The  type  of  correction  used  for  situation  (1)  is  applied  to  values 
resulting  from  the  sets  of  damage  functions  denoted  byt  (El,  E3) , (B2,  E4), 

(SI,  S2),  (Tl,  T2,  T3) . The  type  of  correction  used  for  situation  (2) 
is  applied  to  values  resulting  from  the  sets  of  damage  functions  giving 
death  and  injury  resulting  from  an  explosion.  The  type  of  correction  used 
for  situation  (3),  by  the  very  nature  of  the  correction,  is  not  applied  to 
any  particular  sat  of  damage  estimates;  Instead  this  type  of  correction  is 
used  at  the  termination  of  the  simulation  to  arrive  at  the  sinmaary  of 
dasiages.  This  correction  is  used  for  the  vulnerable  resource  "people" 
when  either  flash  fire  or  explosion  follow  inhalation  of  toxic  gases;  this 
correction  is  used  for  the  vulnerable  resources  "structures"  and  "people" 
when  pool  burning  follows  either  flash  fire  or  explosion. 

Damage  Assessment  Procedures 

As  It  currently  stands,  the  VM  can  simulate  damage  to  vulnerable  resources 
from  four  physical  events;  these  events  are: 

(1)  air  dispersion  of  a toxic  gas 

(2)  flash  fire 

(3)  explosion 

(4)  pool  burning 

Damage  to  vulnerable  resources  is  conveniently  discussed  in  terms  of 
(1)  toxic  injury,  (2)  explosion  damage,  and  (3)  fire  damage.  Detailed 
consideration  is  given  to  toxic  damage  assessment  in  Appendix  E and  to  fire 
and  explosion  damage  assessment  in  Appendix  D.  The  assessment  algorithms 
for  toxic  damage  are  highly  dependent  on  the  type  of  substance  spilled; 
whereas  the  assessment  algorithms  for  fire  and  explosion  are  independent  of 
the  type  substance  spilled,  although  the  values  of  the  variables  used  in  the 
algorithm  do  depend  on  the  type  of  substance  spilled. 

(1)  Toxic  Injury 

Toxic  injury  is  assessed  only  for  the  vulnerable  resource  "people." 

At  the  present  time,  only  inhalation  toxicity  is  treated  in  the  VM. 

Toxic  injury  caused  by  ingestion  of  poisonous  substances  is  not  treated. 

One  difficulty  encountered  in  attempting  to  model  damage  caused  by  Ingestion 
of  toxic  material  is  that  the  amount  of  toxic  substance  Ingested  by  a 
receptor  is  usually  extremely  difficult  to  estimate.  The  current  treatment 
of  inhalation  toxicity  is  restricted  to  the  substances  directly  spilled; 
modeling  ot  the  inhalation  toxicity  of  combustion  products  or  of  other  re- 
action  products  has  been  deferred.  Of  the  five  substances  currently 
treated  in  the  VM,  only  chlorine  (CI2)  and  anhydrous  ammonia  (NH3)  are 
considered  to  have  an  inhalation  toxicity  liable  to  cause  serious  consequences. 
The  toxic  damage  caused  by  irritant  gases  in  general  falls  into  three 
categories: 
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(1)  death 

(2)  sublethal  injury 

(3)  irritation 


The  category  of  injury  euatalned  by  exposed  resources  depends.  In  general, 
upon  both  the  duration  of  exposure  and  the  concentration  level  experienced. 
This  dependence  Is  nonlinear;  dose,  the  product  of  concentration  level  and 
duration.  Is  not  the  appropriate  variable  to  assess  response  to  irritant 
gases.  As  an  example,  for  concentrations  over  the  lethality  threshold, 
doubling  the  concentration  level  does  not  halve  the  time  required  to 
produce  the  same  death  rate;  instead, as  the  concentration  level  increases, 
the  time  to  produce  a given  injury  level  decreases  at  a disproportionately 
rapid  rate.  This  phenomenon  is  illustrated  by  the  lsodamage  curves  for 
chlorine  lethality  shown  in  Figure  6-2. 

The  dependence  of  toxic  gas  lethality  on  concentration  and  time  was 
found  to  be  described  by  a nonlinear  function  of  the  form 

TCn 

where  C • concentration  of  the  toxic  gas 
T « time  duration  of  the  exposure 
n • an  exponent 

For  both  chlorine  and  ammonia,  the  best  value  for  the  exponent,  as  determined 
by  fitting  the  data  given  in  Table  6-3,  was  found  to  be  n - 2.75. 

In  the  VM  the  concentration  is  not  constant  in  time,  therefore  the 
function  TCn  must  be  replaced  by  the  quantity 

/ CndT 

As  an  approximation  to  this  Integral,  the  VM  uses  a finite  sum;  l.e., 

/ C°dT  - E Ti-q2,75 

where  T^  is  the  duration  of  a time  step  and 

Ci  is  the  concentration  during  that  time  step  at  a given  location. 

Table  6-4  summarizes  basic  data  on  chlorine  and  ammonia  inhalation 
taken  from  Appendix  E.  These  data  were  used  to  generate  the  problt 
equations  for  lethal  injuries  from  the  inhalation  of  the  toxic  vapors  of 
chlorine  and  ammonia.  The  midpoints  of  the  rectangular  areas  defined  by 
the  data  were  used  in  the  generation  of  problt  equations  T1  for  chlorine 
and  aononia.  The  resulting  equations  for  lethality  are: 

for  chlorine,  Pr  ■ -17.1  + 1.69  logg  V (6-2a) 

and 

for  ammonia,  Pr  ■ -30.57  + 1.385  logg  V (6-2b) 
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CHLORINE  LETHALITY 
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As  explained  in  Appendix  E:  the  high-risk  population  consists  of  the  very  old,  the  very  young 
and  those  with  preexisting  pulnonary  pathology. 


where 


(6-3) 


V - l T.  C 2,75 
i 1 1 

Nonlethal  injury  is  taken  to  mean  hospitalisation  with  or  without 
evidence  of  permanent  or  lasting  impairment.  Of  major  concern  in  public 
disasters  is  the  number  of  people  whom  the  medical  services  send  to 
hospitals.  This  number  is  Interpreted  as  the  count  of  nonlethal  injuries 
for  VM  purposes,  regardless  of  actual  impairment. 

Reports  of  three  chlorine  accidents  [ 31-34],  summarised  in  Table  6-5, 
were  the  primary  sources  of  data  in  deriving  the  VM  equation  for  estimating 
nonlethal  injuries  from  chlorine.  The  data  in  Table  6-5  and  the  dose 
response  considerations  discussed  in  Appendix  E can  be  summarised  as  pre- 
sented in  Table  6-6.  Nonlethal  Injury  can  be  correlated  with  concentration 
level  alone,  rather  than  with  the  nonlinear  function  of  time  and  concentra- 
tion^, that  correlates  with  death  from  chlorine  inhalation.  The  problt 
equation  for  nonlethal  injury  resulting  from  inhalation  of  chlorine  is 


Pr  - -2.40  + 2.90  log  C (6-4) 

e 

Since  nonlethal  injury  from  chlorine  inhalation  does  not  heal  lnmediately 
(as  discussed  in  Appendix  E,  it  may  heal  spontaneously  after  a few  days), 
the  appropriate  value  for  concentration  in  equation  (6-4)  is  not  the  current 
level,  but  the  maximum  level  that  occurs  in  the  given  cell  up  to  the  current  time. 

Nonlethal  injuries  from  the  inhalation  of  ammonia  (NH-j)  are  not  assessed 
by  the  VM  at  this  time.  There  seems  to  be  some  disagreement  among  the 
authorities  as  to  whether  hospitalization  is  appropriate  after  acute  but 
nonlethal  exposure  to  ammonia  vapors.  The  studies  relevant  to  this  problem 
are  few,  so  it  has  been  impossible  within  the  scope  of  this  study  (investigation 
of  published  data  - no  laboratory  work)  to  obtain  good  estimates  of  the  dosage 
required  to  cause  injuries  which  require  hospitalization.  Therefore, the 
function  T2  giving  percent  nonlethal  injury  from  ammonia  inhalation  is  simply: 

percent  injured  ■ 0 


[31]  Kowitz,  T.A.,  R.C.  Reba,  R.T.  Parker,  and  W.S.  Spicer,  Jr.  Effects  of 
chlorine  gas  upon  respiratory  function.  Arch.  Environ.  Health  14:545- 
558,  1967. 

[32]  Chasis,  H.,  J.A.  Zapp,  J.H.  Whittenberger , J.L.  Helm,  J.J.  Doheny,  and 
C.M.  MacLeod.  Chlorine  accident  in  Brooklyn.  Occup.  Med.  4^:152-176, 
1947. 

[33]  Joyner,  R.E.,  and  E.G.  Durel.  Accidental  liquid  chlorine  spill  in  a 
rural  community.  J.  Occup.  Med.  152-154,  1962. 

[33]  Weill,  H. , R.  George,  M.  Schwarz,  and  M.  Ziskind.  Late  evaluation  of 
pulmonary  function  after  acute  exposure  to  chlorine  gas.  Am.  Rev. 
Reap.  Die.  99:374-379,  1969. 
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TABLE  6-5 . SUMMARY  OF  NONLETHAL  INJURIES  RECEIVED  BY  ACCIDENTAL  INHALATION 
OF  CHLORINE 


Numbers  of  People 

Hospitalized 
(X  of  Those 
Examined) 

Accident 

Exposed 

Examined 

Hospitalized 

Industrial  Transportatlona 

150 

59 

11 

18 

Brooklyn  Subway ^ 

1000 

418 

208 

50 

Morganza,  Louisiana0 

Unknown 

100 

17 

17 

*See  reference  I 31  ] in  Che  text . 

^See  reference  { 32  ] In  the  text. 

cSee  references  [ 33  ] and  ( 34  ] in  the  text . 


TABLE  6-6.  SUMMARY  DATA  FOR  NONLETHAL  INJURIES 
FROM  CHLORINE  INHALATION 


Cl2 

(ppm) 

Injuries 

(X) 

20 

90 

13 

50 

10 

25 

6 

_ 

1 
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Toxic  irritation  is  treated  as  an  all-or-nothing  case  for  assess- 
ment purposes.  If  the  concentration  equals  or  exceeds  the  specified 
concentration,  every  person  outdoors  is  assessed  to  be  Irritated.  Irri- 
tation is  assumed  to  cease  as  soon  as  the  concentration  drops  below  the 
specified  value.  From  the  data  in  Appendix  E,  the  threshold  for  irritation 
by  chlorine  is  taken  to  be  3 ppm,  and  for  ammonia  it  is  taken  to  be  100 
ppm.  Therefore,  the  assessment  functions  T3  for  chlorine  and  anmonia  may 
be  written  as 


percent  irritated 


100X  if  C >Ct 

{ 

OX  if  C < Ct 


where  „ 
ct 


( 3 ppm  for  chlorine  and 
(10  ppm  for  ammonia. 


Toxic  damage  to  the  vulnerable  resource  "environment"  is  not 
assessed  in  the  VM  at  this  time.  The  VM  predicts  the  concentration 
of  a toxic  substance  in  the  air  and  water;  comparison  of  these  pre- 
dicted concentrations  to  air  and  water  quality  standards  appears  to  be 
an  attractive  method  for  asses  ing  damage  to  the  environment.  Such  an 
approach,  however,  has  many  pitfalls;  among  these  are  the  following. 

(a)  This  scheme  cannot  be  implemented  for  many  cargoes.  Many  substances 
carried  in  bulk  in  commerce  upon  the  navigable  waters  are 
uncommon  as  pollutants,  and  there  are  no  standards  for  these 
materials. 

(b)  For  some  cargoes,  there  may  be  more  than  one  standard.  For 
water  contamination,  for  example,  there  might  be  one  standard 
for  drinking  water,  another  for  water  safe  for  swimming,  a 
third  standard  for  the  protection  of  fish,  and  a fourth  level, 
above  which  shellfish  living  in  these  waters  are  unfit  for 
human  consumption. 

(c)  Because  most  air  and  water  quality  standards  are  developed  for 
situations  of  chronic  exposure  there  is  a problem  of  exposure 
time.  Most  air  and  water  quality  standards  explicitly  mention 
the  averaging  time  and  are  designed  for  situations  in  which 
the  concentration  does  not  change  by  orders  of  magnitude  in  a 
few  minutes.  One  may  easily  conceive  a situation  in  which  a 
very  high  concentration,  for  example  of  SO?,  may  exist  for  a 
few  minutes,  killing  all  of  the  animals  at  a location  without 
exceeding  the  three-hour  air  quality  standard.  Although  the 
cumulative  dosage  at  a location  may  be  calculated,  there  is 
little  information  on  the  response  of  many  plants  and  animals 
to  short  exposures  of  high  concentrations  of  many  common 
cargoes. 

(d)  Some  quality  standards  are  not  simply  stated  as  concentration 
levels  or  dose  leve's  not  to  be  exceeded.  Other  factors  may 
be  Involved.  For  example,  one  water  quality  standard  for 
ammonia  depends  on  concentration,  water  temperature,  and 
water  pH.  Quality  standards  for  other  materials  involve 
complex  and  expensive  bioassay  procedures. 
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Because  of  the  problems  raised  by  these  factors,  the  violation  of  air 
or  water  quality  standards  has  not  been  adopted  as  a viable  procedure  for 
assessment  of  environmental  damage  in  the  VM.  Since  the  USCG  has  directed 
that  environmental  damage  assessment  is  of  lower  priority  than  assessment 
of  damage  to  people  and  property,  no  alternative  method  for  assessing 
environmental  damage  has  been  implemented  in  the  VM.  However,  the  VM  does 
provide  the  time  history  of  pollutant  concentration  in  air  and  water  so  the 
user  may  use  this  information  to  assess  environmental  damage  at  his  option. 

(2)  Explosion  Damage 

Explosion  damage  is  assessed  for  the  vulnerable  resources  "people" 
and  "structures.”  Personnel  experience  explosion  damage  in  two  categories, 

(a)  death  and  (b)  nonlethal  injury.  It  is  customary  to  categorise 
explosion  damage  to  personnel  in  three  categories, depending  on  the 
causative  mechanism  of  damage: 

(a)  primary  damage  - direct  blast  effects  (interaction  between  the 
blast  wave  and  personnel  only,  with  no  other  intervening  or 
associated  factors) 

(b)  secondary  damage  - damage  from  missiles  and  fragments 

(c)  tertiary  damage  - damage  from  translation  and  subsequent 
collision  with  an  obstacle 

In  the  VM,  death  Is  assessed  for  primary  damage  manifested  as  lung 
hemmorhage  or  for  tertiary  damage  manifested  as  skull  and  body  bone 
fractures.  Nonlethal  injuries  are  assessed  for  all  three  damage  cate- 
gories, including  the  secondary  damage  of  puncture  wounds  from  missile 
penetration.  In  addition,  injury  resulting  from  two  or  more  damage 
mechanisms  is  assessed  in  a separate  category,  multiple  injury.  Ext  loslon 
may  cause  eardrum  rupture,  bone  fracture,  or  puncture  wounds  through  the 
independent  mechanisms  of  direct  blast,  impact,  or  flying  fragments.  Since 
the  causative  mechanisms  are  Independent,  an  individual  exposed  to  an 
explosion  may  experience  injury  from  a combination  of  two  or  even  three 
causes.  That  fraction  of  the  population  injured  by  more  than  one  mechanism 
is  determined  by  the  double  counting  procedures  described  in  Appendix  G. 
Structures  experience  explosion  damage  in  two  categories,  (a)  serious 
structural  damage  and  (b)  window  glass  breakage.  The  physical  variables 
that  determine  the  extent  of  explosion  damage  are  the  peak  overpressure 
and  the  impulse  associated  with  the  blast  wave;  the  values  for  these 
variables  are  generated  in  Phase  I of  the  VM,  Table  6-3  summarizes  the  probit 
equations  used  to  assess  explosion  damage  and  the  data  upon  which  the  equa- 
tions are  based;  Appendix  D explains  at  length  the  formulation  of  the  assess- 
ment procedures. 

Death  from  direct  blast  damage  usually  is  due  to  lung  hemorrhage, 
although  other  injuries  may  sometimes  contribute.  The  data  in  Appendix  D 
indicate  that  a peak  overpressure  of  about  1 atmosphere  (“  10^  N/m^  ■ 14.5  psi) 
is  the  threshold  for  fatal  injuries,  and  that  2 atmospheres  causes  close 
to  100Z  fatality.  The  probit  equation  for  this  type  of  injury,  El,  is 
given  by: 

Pr  - -77.1  + 6. 9i  log  (P  ) (6-5) 

e p 

where  is  the  peak  overpressure. 
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Death  fro*  tertiary  explosion  damage  results  when  a person  is 
■owed  by  the  blast  wave  and  forcibly  impacts  with  the  ground,  a wall, 
or  some  other  object.  The  speed  attained  by  a person  subject  to  a 
blast  wave  is  sore  dependent  upon  the  Impulse  (roughly  the  integral  of 
overpressure  over  tlae  for  the  blast  wave)  than  upon  the  overpressure  asso- 
ciated with  the  explosion.  Consequently,  lapulse  is  the  variable  used 
to  make  this  assessaent.  The  nature  of  the  lapact  injury  is  compli- 
cated by  the  need  to  consider  the  person's  position  when  struck  by  the 
blast  wave,  shielding  by  objects  such  as  walls  or  buildings,  and  the 
distance  to,  and  the  nature  of,  any  surfaces  which  the  person  might 
strike.  As  explained  in  Appendix  D,  data  prepared  for  the  Defense 
Civil  Preparedness  Agency  and  based  on  a model  considering  most  of 
these  factors  ( 35  ] have  been  used  to  derive  the  problt  equation  E2: 

Pr  - -46.1  ♦ 4.82  log*  J (6-6) 

where  J is  the  impulse. 

As  discussed  in  Appendix  D,  eardrum  rupture  is  by  far  the  most 
prevalent  injury  which  is  an  effect  of  direct  blast.  This  mechanism 
operates  in  a straightforward  manner,  and  there  is  a general  consensus 
on  the  pressures  required  to  cause  damage.  The  equation  E3,  used  to 
assess  this  type  of  injury,  is: 

Pr  - -15.6  + 1.93  loge  Pp  (6-7) 

The  Injuries  caused  by  translation  followed  by  abrupt  impact  upon 
some  surface  are  mostly  lacerations,  contusions,  broken  bones  and 
internal  injuries.  Damages  caused  by  this  mechanism  are  difficult  to 
assess,  as  discussed  above.  For  the  assessment  procedure  in  the  VM, 
damage  criteria  established  for  an  Idealized  model  were  adjusted  to 
account  for  non  ideal  effects,  on  the  basis  of  the  relationship  of 
ideal  and  non  ideal  criteria  for  death  by  this  mechanism.  This  is 
explained  more  fully  in  Appendix  D.  Tne  equation  E4,  used  to  assess 
this  injury,  is  given  by: 

Pr  - -3.91  + 4.45  log*  J (6-8) 

Por  most  accidental  explosions,  penetration  by  flying  fragments  is 
the  most  common  mechanism  which  causes  nonfatal  injuries.  Most  of  the 
injuries  which  result  are  not  serious.  More  injuries  are  caused  by 
broken  glass  than  by  other  material,  such  as  gravel.  The  number  of 
people  injured  from  fragments  is  very  difficult  to  treat  accurately, 
because  the  location  and  exposure  of  the  population  are  important  and 
the  availability  of  material  to  break  and  form  fragments  also  enters 
into  the  assessment.  At  present,  a simplified  procedure,  based  on  damage 
from  ten-gram  glass  fragments,  is  used. 


(35)  Longinow,  A.,  G.  OJdrovich,  L.  Bertram,  and  A.  Wiedennann. 

People  Survivability  in  a Direct  Effects  Environment  and  Related 
Topics.  I IT  Research  Institute,  Chicago,  May  1973. 


The  result leg  equation,  E5,  is  given  by: 


Pr  - -27.1  ♦ 4.26  log,,  J (6-9) 

Assessment  of  injuries  from  multiple  causes  is  based  on  the  assess- 
ment of  injury  from  each  Individual  cause;  the  procedure  used  to  eliminate 
double  counting  in  making  the  assessment  is  described  in  detail  in  Appendix  C. 

For  the  purpose  of  assessing  major  damage  to  buildings,  a typical 
wood  frame  structure  hss  been  assumed.  Most  residential  structures  are  of 
this  type.  Since  the  census  records  used  to  provide  data  on  the  number 
and  value  of  property  include  only  residential  property,  it  is  consistent 
to  use  damage  criteria  for  wood  frame  structures.  If  further  development 
of  the  VM  provides  an  expanded  data  base  that  Includes  nonresident ial 
structures  as  well  as  a designation  of  structural  type,  the  assessment 
algorithms  may  be  readily  modified  on  the  basis  of  data  available  in  the 
literature  to  encompass  damage  to  structures  other  than  wood  frame.  The 
response  of  the  structure  has  been  generalized,  so  the  damage  assessment 
is  based  only  on  blast  wave  parameters.  Because  complex  interreactions 
between  the  blast  wave  and  structure  are  not  considered  here,  the  blast 
wave  is  parameterized  solely  on  the  basis  of  peak  overpressure.  The  diffi- 
culty of  precisely  describing  structure-blast  wave  interactions  and  the 
expediency  of  using  a single  blast  wave  parameter  are  discussed  in  more 
detail  in  Appendix  D.  The  assessment  equation  used  for  major  structural 
damage,  SI,  is  given  by: 

Pr  - -23.8  4-2.92  loge  Pp  (6-10) 

This  probit  equation  is  used  to  relate  the  given  peak  overpressure  to  the 
percent  structural  damage  caused  to  a building  subject  to  the  given  peak 
overpressure;  it  does  not  give  the  percent  of  buildings  in  the  geographical 
cell  experiencing  complete  destruction.  Of  course, as  far  as  the  dollar 
value  of  the  damage  is  concerned  it  is  irrelevant  whether  x percent  of  the 
buildings  in  a cell  are  completely  destroyed  or  whether  all  buildings  in 
the  cell  experience  x percent  damage.  Window  breakage  is  a much  simpler 
phenomenon  than  other  structural  response  to  a blast  wave  environment. 
Therefore,  it  is  generally  agreed  that  peak  overpressure  is  the  significant 
causative  factor;  further,  the  critical  levels  required  to  cause  given 
degrees  of  damage  are  generally  agreed  upon.  The  assessment  equation 
for  glass  breakage,  S2,  is  given  by: 

Pr  - -1.81  + 2.79  loge  Pp  (6-11) 

This  probit  equation  gives  the  percent  of  exposed  windows  that  are  broken 
by  the  blast.  At  this  time, no  assessment  of  the  dollar  value  of  the  breakage 
is  made. 


Fire  Damat 


Damages  from  fire  are  modeled  as  affecting  the  vulnerable  resources 
"people"  and  "structures."  Damage  from  flash  fire  is  currently  modeled  to 
affect  both  personnel  and  structures.  The  current  computer  version  of  the 
VM  assesses  damage  from  pool  burning  only  to  structures,  since  it  has  been 
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aaamed  that  personnel  would  have  Clme  to  seek  shelter  or  to  evacuate  in 
order  to  avoid  injury.  However,  injury  to  personnel  can  readily  be  modeled 
by  using  the  sane  damage  criteria  (as  expressed  in  a probit  equation)  as 
are  used  for  flash  fire;  the  only  difference  Is  that  actual  radiation 
Intensity  and  duration  are  used  for  pool  burning,  whereas  effective  values 
are  used  for  flash  fire.  The  damage  assessed  to  structures  is  ignition. 

The  damages  assessed  to  personnel  are  (a)  death  and  (b)  nonlethal 
burns.  For  all  types  of  damages,  two  parameters  have  been  found  to  be 
significant:  (a)  level  of  thermal  radiation  and  (b)  duration  of  the 

thermal  radiation;  therefore  a variable  combining  these  two  parameters 
is  used  for  assessment  purposes.  The  level  of  thermal  radiation  and  its 
duration  are  computed  by  the  Phase  I submodels,  for  pool  burning  and  flash 
fire,  as  is  discussed  in  Chapter  4.  The  assessment  of  deaths  from  flash 
fire  is  based  on  data  obtained  primarily  from  studies  of  the  effects  of 
nuclear  weapons.  These  data,  presented  in  Appendix  D,  indicate  that  the 
number  of  deaths  is  proportional  to  the  product  of  the  duration  of  the 
radiation  pulse  with  the  four-thirds  power  of  the  intensity.  The  radia- 
tion pulse  from  a flash  fire  is  not  a square  wave, of  course,  so  an  effec- 
tive pulse  intensity  and  an  effective  pulse  durat  ->r  must  be  calculated. 
This  is  discussed  in  Chapter  4.  The  data  relating  the  lethality  levels 
to  the  radiation  dosage  are  presented  in  Appendix  D.  "hi  probit  equation 
FI,  used  to  assess  deaths  from  flash  fire,  is  given  by: 


Pr 


-14.9  + 2.56 


(6-12) 


where  t is  the  effective  time  duration  In  seconds  and  I is  the  effective 
radiation  intensity  in  J/m2/sec.  The  factor  lO4*  is  a convenient  scaling 
constant. 


The  VM  does  not  make  a quantitative  assessment  of  nonlethal  burn 
injuries,  because  of  the  uncertainty  in  determining  the  degree  of  the 
burns  and  the  effects  of  clothing  and  shielding.  The  data  in  Appendix  D 
indicate  that  the  threshold  for  first-degree  burns  is 

tl1,,s  - 550,000 

where  t Is  in  seconds  and  I is  in  joules/m^/sec . In  the  analysis  of 
first-degree  burns  it  was  found  that  an  exponent  of  1.15  provided  a better 
fit  to  the  data  than  the  exponent  4/3  used  for  lethality  (see  page  D-24). 
This  is  for  exposed  skin.  The  function  F2,  used  to  assess  nonlethal 
injury  from  flash  fire, is  given  by: 

percent  subject  to  first-degree  burns  on  exposed  skin 

_ /100X  for  tl1,15  > 550,000 

OX  for  tl1*15  < 550,000  (6-13) 


The  assessment  of  fire  damage  to  structures  is  based  on  studies  of 
the  ignition  of  wood.  Factors  influencing  wood  ignition  are:  (a)  radi- 

ation Intensity  level,  (b)  duration  of  radiation  exposure,  (c)  wood  typo, 
and  (d)  the  presence  or  absence  of  a pilot  flame  near  the  irradiated 
wood.  Duration  and  level  of  radiation  intensity  are  factors  computed 
by  Phase  I submodels.  Wood  type  is  not  treated  explicitly;  average 
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values  in  used.  For  flash  fir a, tha  praaanca  of  a pilot  fleas  la  aa- 
suaed;  for  pool  burning, pilot  f lease  era  asauasd  to  be  absent.  For 
flash  firs,  the  radiation  Intensity  Is  considered  to  be  high  enough  to 
cause  Ignition  only  In  that  region  where  a f leasable  fual-air  mixture 
exists,  i.e.,  the  region  where  the  flash  fire  bums.  Tha  presence  of 
the  flash  fire  provides  an  open  flame,  so  the  date  for  pilot  ignition 
era  used.  For  pool  burning,  the  Irradiated  structures  are  generelly  too 
far  froa  the  burning  pool  for  those  flaaes  to  be  considered  es  a pilot. 

Thus  the  data  for  spontaneous  (no  pilot)  ignition  are  used  for  pool 
burning.  The  damage  essessnent  functions  and  procedures  for  ignition  of 
structures  from  pool  burning,  Bl,  and  from  flash  fire,  F3,  may  thus  be  stated. 


For  Ignition  froa  pool  burning 

1.  For  every  grid  cell,  look  up  the  radiation  intensity,  Ir,  at 
the  cell  center. 


value 


2.  The  radiation  intensity  at  the  cell  center  must  exceed  the 
I3  - 2.54  x 10"  giggf 


3.  The  duration  of  the  pool  burning,  t),,  oust  exceed  the  time 
given  by 

i/h 


[6.10  x 10* 

(Ir  - Is) 


(6-14) 


4.  If  tb  ) tg T then  there  is  ignition 
If  tb  < tg,  then  there  is  no  ignition 
where  in  both  cases 

Ir  * radiation  Intensity  at  the  cell  center 


For  ignition  from  flash  fire 

1.  The  vapor  concentration  at  grid  cell  center  must  be  between 
the  limits  of  flaomaolllty  for  the  spilled  substance  (this  to  assure 
the  presence  of  a pilot  flame) . 


2.  The  radiation  intensity,  Ir,  must  exceed  the  value 


I 


P 


1.34  x 10“ 


Joules 

5 - 8 


3.  The  effective  duration  of  the  radiation, 
value  given  by: 


7.22  x 10s  5- 

BH  • 8 

(Ir  - Ip> 


T 1/2 


teff,  must  exceed  the 


(6-15) 


94 


4.  If  tcff  £ tp,  than  th«r«  is  ignition 
If  tcff  < tp,  than  thara  ia  no  ignition 

If  ignition  occurs  (pool  burning  or  flash  fire),  one-fourth  of  tha 
structures  in  the  call  are  assumed  to  ignite.  This  assumption,  recognised 
to  be  somewhat  crude,  was  made  to  account  for  the  fact  that  some  structures 
will  be  shielded  from  thermal  radiation  by  others. 

An  Example 

To  illustrate  some  of  the  assessment  techniques  discussed  in  the 
preceding  section,  consider  the  following  hypothetical  occurrence.  The 
dispersion  of  a chlorine  spill  causes  the  air  in  a given  grid  cell  to 
experience  the  following  time  history: 


has  the  value  V ■ 168,100,  loge  V • 12.03,  so  the  probit  has  the  value, 
Pr  - 3.23,  as  determined  through  equation  (6-2a) . From  Table  6-4  we  see 
that  a problt  of  3.25  corresponds  to  42.  Thus  ve  conclude  that  for  this 
hypothetical  exposure  history  just  under  42  of  the  exposed  population  in 
the  given  cell  will  be  killed  by  Inhalation  of  toxic  vapors. 


During  the  last  time  interval  the  concentration  Is  25  ppm.  Since 
concentration  is  the  appropriate  assessment  variable  for  nonlethal  Injury 
from  chlorine  inhalation,  we  find  loge  C ■ 3.22;  using  this  value  in 
equation  (6-4)  we  find  the  needed  problt,  Pr  - 6.93.  Again,  from  Table 
6-4, it  is  seen  that  probits  of  6.88  and  7.05  correspond  to  972  and  982, 
respectively.  Therefore  we  assess  972  of  the  exposed  population  in  the 
given  cell  as  having  nonlethal  toxic  injury.  However,  since  the  con- 
centration during  the  preceding  time  step  was  the  highest  experienced  in 
this  cell  (30  ppm) , it  is  that  value  that  should  be  used  to  assess  non- 
lethal injury.  For  C • 30  ppm,  loge  C ■ 3.40  and  Pr  » 7.46.  Thus 
99.32  of  the  exposed  population  received  nonlethal  toxic  injury. 

Since  the  concentration  during  the  last  time  interval  exceeds  3 ppm, 
1002  of  the  exposed  population  is  also  irritated. 


i 

i 

i 


Thus  ths  asseasaant  of  toxic  Injury  for  ths  last  tin*  Interval 
reads: 

Dead  - 4X 

Non lethal  Injury  ■ 99. 3X 

Irritation  • 100X 

Cor rac ting  for  situation  (1)  double  counting, we  obtain: 

Dead  - 42  - 4X 

Nonlethal  Injury  ■ (99.3  - 4)2  • 95. 3X 

Irritation  - (100  - (93.3  ♦ 4)]X  - 0.7X 
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CHAPTER  7 

EXAMPLES  OF  COMPUTER  RUNS  FOR  AN  URBAN  AREA 


Introduction 

This  chapter  presents  the  results  of  a number  of  computer  runs 
for  the  five  cargoes  used  to  exercise  the  model.  The  four  spill  sices  for 
each  of  these  cargoes  used  in  the  test  computer  runs  are  shown  in  Table  7-1. 

The  very  large,  large,  and  small  sices  of  spills  were  specified  by  the  Risk 
Analysis  Advisory  Board  of  the  U.  S.  Coast  Guard.  The  medium-sired  spill  was 
chosen  by  EC1  to  be  close  to  the  geometric  mean  of  the  small  spill  and  the 
large  spill,  to  provide  a spill  sice  Intermediate  between  these  two  widely 
different  cases.  Since  the  very  large  spill  differs  from  the  large  spill  by  a 
factor  of  only  two  in  most  cases,  the  computer  test  runs  used  the  large, 
medium,  and  small  sices.  The  large  and  very  large  spills  may  be  expected 
to  have  a significant  effect  on  the  general  population  (over  and  above  those 
directly  concerned  with  the  cargo  transport  - the  ships'  crews,  marine  terminal 
personnel,  and  fire  and  rescue  personnel). 

Below,  we  first  take  up  one  computer  run  and  present  the  results  in 
detail,  with  copies  of  the  actual  computer  printout.  Next  the  runs  for 
LNG,  chlorine,  and  anhydrous  ammonia  are  discussed.  For  these  three 
cargoes,  the  effects  of  spills  of  different  sices  are  compared,  and,  in 
addition,  one  other  input  variable  is  varied.  For  LNG,  the  wind  direction 
was  changed  slightly,  for  chlorine  the  stability  class  was  changed,  and  for 
ammonia  the  time  step  was  varied.  Unless  otherwise  explicitly  stated,  in  all 
the  test  runs  that  follow,  the  wind  is  blowing  toward  53°  at  4 m/s,  and  the  time 
step  is  2 minutes  for  cases  where  the  effects  of  toxicity  are  being  considered 
and  1 minute  when  an  explosion  or  flash  fire  is  expected.  All  spills  are 
located  at  the  center  of  cell  3,  a river  or  harbor  cell.  The  last  computer 
runs  discussed  are  those  where  pool  burning  immediately  follows  the  spill. 
Medium-sized  spills  of  LNG,  methyl  alcohol,  and  gasoline  are  treated  in  this 
way.  The  spills  of  methyl  alcohol  and  gasoline  are  very  difficult  to  ignite 
because  their  evaporation  rates  are  so  slow.  Finally,  some  Important  features 
of  the  VM,  which  have  been  delineated  by  these  test  runs,  are  discussed. 

Before  proceeding  to  the  first  computer  run,  a word  about  the  demographic 
data  and  the  grid  system  is  in  order.  The  demographic  data  from  40  census 
tracts  have  been  used  in  these  runs,  and  each  census  tract  has  been  represented 
by  a point.  For  cells  which  appear  from  the  pattern  of  streets  to  have  a 
uniform  population  density,  the  center  of  the  cell  has  been  approximated  and 
used  to  represent  this  cell  or  tract.  For  cells  which  include  a great  deal  of 
unpopulated  area  such  as  cemeteries,  parks,  marshes,  lakes,  etc.,  these  areas 
have  been  excluded,  and  what  appears  to  be  the  center-of-mass  for  the  populated 
area  has  been  chosen.  For  irregularly  shaped  tracts,  however,  the  tract  center 
has  always  been  placed  within  the  tract  boundaries. 

For  these  test  runs,  50  cells  were  used,  10  river  cells  and  40  census 
tracts.  The  location  of  these  cell  centers  is  shown  in  Figure  7-1.  These 
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TABLE  7-1 

SPILL  SIZES  (MT  . METRIC  TON  - 103  kg) 


data  were  obtained  from  census  statistics  for  an  actual  city.  In  this 
study,  we  considered  only  one  phase  of  a more  complete  risk  analysis  - it 
was  assumed  here  that  a spill  of  a certain  size  has  occurred.  A complete 
analysis  would  consider  the  chances  of  such  a spill  taking  place.  Factors 
such  as  the  number  of  ships  or  barges  carrying  this  sort  of  cargo,  their 
capacity,  the  type  of  waters  which  they  are  navigating,  the  other  traffic 
In  these  waters,  the  visibility,  currents,  tides,  and  so  on  must  be 
considered  in  determining  the  probability  that  a certain  spill  will  occur 
in  a particular  place  over  a given  period.  As  this  project  was  to  consider 
only  the  assessment  of  damage  after  the  spill  had  occurred,  consideration 
of  this  probability  was  not  addressed,  and  any  realistic  appraisal  of  a 
spill  must  take  the  probability  of  occurrence  into  account.  Therefore 
any  analysis  of  the  damage  that  may  result  from  the  transportation  of 
hazardous  cargoes  by  ship  or  barge  cannot  be  made  on  the  basis  of  this 
study  alone.  In  the  development  of  this  model,  wherever  possible,  approxi- 
mations  were  made  in  a manner  such  that  the  damage  would  be  overestimated. 

Thus  the  resulting  damage  assessments,  although  credible,  may  be  somewhat 
high.  The  injury  and  damage  figures  which  follow  must  be  interpreted  in 
this  light. 

The  Output  of  an  LNG  Run 

Tables  7-2  a to  j present  the  details  of  a coiiputer  run  for  a medium-sized 
spill  of  LNG.  Following  printing  of  the  properties  file  (not  reproduced), 
the  next  page  of  output.  Table  7-2a,  gives  spill  and  environmental  informa- 
tion. The  first  column  in  Table  7-2a  contains  the  number  which  is 
associated  with  each  variable,  and  which  is  necessary  for  understanding 
the  computer  program  operations,  and  provides  a convenient  way  to  refer 
uniquely  to  each  variable.  The  second  column  contains  an  abbreviation  of 
the  variable  name  or  a brief  description  of  the  variable.  The  third 
column  gives  the  value  of  this  variable,  the  fourth  column  lists  the  units 
of  the  value  given  for  the  variable,  and  the  last  column  shows  the  origin 
of  the  value  for  the  variable.  Table  7-3  explains  the  designation  printed 
to  denote  the  source  of  the  value  for  the  variable. 

The  values  of  the  variables  are  generally  given  in  the  CGS  system. 

The  letters  N.A.  mean  that  the  units  for  that  variable  are  not  available  in 
the  file  of  units.  If  the  units  column  is  blank,  then  the  variable  has 
no  units.  The  items  listed  under  spill  definition  data  are  self-explanatory 
except  for  variable  2006  which  is  a flag  which  is  set  = 1 if  adiabatic  wall 
conditions  in  the  tank  are  to  be  used  and  - 0 if  isothermal  wall  conditions 
are  to  be  used.  Variable  2015  is  the  height  of  the  hole  above  the  water 
surface,  and  variable  2009  is  the  number  of  increments  to  be  used  in 
calculating  the  rate  of  spilling. 

For  the  environmental  data,  variable  2058  gives  the  direction  toward 
which  the  wind  is  blowing,  in  degrees.  Variable  2017  is  the  stability  or 
turbulence  class,  and  variable  2014  is  the  height  above  the  ground  at  which 
the  concentrations  are  to  be  calculated.  Variable  5022  is  the  ambient 
atmospheric  pressure,  and  variable  5011  is  the  density  of  the  water  (a 
density  different  from  1.00  might  occur  due  to  salinity).  Variable  2018 
is  a flag  indicating  whether  the  spill  is  restricted  to  a channel  or  is 
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radial  in  nature.  Variable  2043  is  the  diffusion  coefficient  of  the  liquid 
cargo  in  water.  Variable  2022  is  a flag  for  cryogenic  spills  to  indicate 
whether  the  flux  of  heat  from  the  water  to  the  liquid  cargo  pool  is  constant 
(flux  var  • 1)  or  is  limited  by  the  formation  of  ice  (flux  var  ■ 2).  The 
next  five  variables  are  used  by  the  submodel  that  calculates  the  mixing 
and  dilution  in  rivers  and  tidal  estuaries.  The  Manning  factor  concerns  the 
roughness  of  the  river  bottom.  Variable  2053  is  the  diffusion  coefficient 
nf  the  cargo  vapor  in  air  and  is  estimated  by  a subroutine  if  it  is  not 
given  by  the  user. 

Selected  chemical  and  physical  properties  of  the  cargo  are  printed 
on  the  next  page,  Table  7-2b.  Most  of  these  variable  names  are  sufficiently 
explanatory,  but  variables  1010,  1011,  and  1012  are  constants  in  the  vapor 
pressure  equation.  The  vapor  pressure  equation  is  of  the  form 

[A - — l 

P - 10l  (T+C)J 

where  P is  the  vapor  pressure,  T is  the  temperature,  and  A,  B,  C are  the 
constants  given,  respectively,  by  1010,  1011,  and  1012. 

Table  7-2c  shows  the  page  which  displays  the  geographical  data.  The 
latitude  and  longitude  columns  originally  contained  the  location  of  each 
cell  center  in  degrees,  minutes,  and  seconds,  but  in  the  sample  page  the 
degrees  column  has  been  omitted.  The  first  column  gives  the  cell  number, 
by  which  all  further  reference  to  the  cell  is  made.  The  second  column 
contains  Identifying  information  about  each  cell.  An  "R"  indicates  a river 
or  harbor  cell.  The  other  numbers  may  be  block  number,  census  tract  numbers, 
or  some  other  means  of  entering  demographic  information.  The  ignition  code 
has  been  discussed  in  Chapter  4.  Columns  x and  y give  the  location  of  the 
cell  in  a coordinate  system  in  which  the  spill  location  is  at  the  origin 
and  the  positive  x axis  is  in  the  direction  toward  which  the  wind  is  blowing. 

Table  7-2d  shows  the  page  containing  spill  and  Ignition  information. 
Variables  4001,  4002,  and  4003  give  the  amount  of  cargo  spilled,  and 
variable  4004  gives  the  time  for  the  spill  to  take  place.  Variable  2038 
is  the  average  release  rate,  and  variable  5027  gives  the  maximum  dimension 
of  the  pool  of  liquid  cargo  on  the  water  surface.  This  dimension  is  the 
radius  for  a circular  pool  and  the  upstream-downstream  extent  for  a spill 
restricted  by  the  channel  (see  variable  2018  in  environmental  data). 

Variable  5010  is  a flag  which  is  set  = 0 if  the  puff  (instantaneous  source) 
air  dispersion  model  is  to  be  used  and  which  is  set  * 1 if  the  plume 
(continuous  source)  model  is  to  be  used.  If  the  user  does  not  specify 
the  value  of  the  variable,  the  VM  decides  whether  the  puff  model  or  the 
plume  model  is  more  appropriate. 

The  first  six  variables  in  the  ignition  data  list  are  self-explanatory. 
Variables  5042  and  5043  give  the  effective  values  of  the  intensity  and 
duration  of  the  flash  fire  radiation.  For  an  explosion,  variable  5044 
gives  the  mass  of  cargo  vapor  which  exploded,  variable  5045  gives  the 
explosive  yield  in  calories,  and  variable  5047  gives  the  yield  equivalent 
in  (short)  tons  of  TNT.  Variable  4019  is  the  mass  of  cargo  remaining  in 
the  pool  at  the  time  of  ignition.  In  this  case, it  is  zero  so  that  no  pool 
burn  can  follow  a flash  fire  or  explosion.  Thus  the  last  four  variables 
which  concern  the  flame  from  the  burning  pool  are  zero  as  well. 
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CONCENTRATIONS  IN  THE  CELLS  (AS  COMPUTED  AT 


Tables  7-2e  and  7-2f  list  the  concent  radons  in  the  cells  (aa  computed 
at  the  cell  centers)  for  each  time  step.  In  this  case, the  ignition  sub- 
routine has  calculated  that  the  cloud  Ignited  at  5.63  minutes,  so  this  time 
is  listed  in  addition  to  the  1- minute  time  steps.  Table  7-2e  gives  the 
concentrations  in  kg/m^,  and  Table  7-2f  gives  them  in  parts  per  million 
(by  volume). 

Table  7-2g  lists  the  results  of  both  the  flash  fire  and  the  explosion. 
Por  these  computer  runs,  the  program  was  altered  so  that,  if  Ignition 
occurred,  the  results  of  both  were  c imputed  in  the  same  run,  which  saved 
considerable  computer  time.  The  dliiance  listed  is  the  distance  from  the 
puff  center  at  the  time  of  Ignition.  Thermal  radiation  from  a flash  fire 
was  calculated  only  for  those  cells  in  which  the  concentration  was  above 
the  lower  flasmable  limit.  Since  the  vapor  cloud  Ignited  at  cell  19,  the 
first  cell  in  its  path  in  this  example,  there  is  a non-zero  radiation  value 
only  for  that  cell.  The  liquid  pool  had  completely  evaporated  prior  to 
ignition,  so  there  was  no  pool  burning  in  this  example. 

Tables  7-2h  and  7-2i  list  the  damage  and  injuries  which  resulted  from 
the  explosion,  first  for  each  cell  and  then  a summary  for  all  cells. 

Table  7-2 j shows  the  analogous  Information  for  the  flash  fire  case. 


Results  of  Test  Runs 


The  test  runs  for  the  five  cargoes  used  to  exercise  the  VM  are  listed 
in  Table  7-4.  There  are  six  or  more  runs  for  LNG,  ammonia,  and  chlorine,  but 
since  the  clouds  resulting  from  methyl  alcohol  and  gasoline  spills  did  not 
have  high  enough  concentrations  to  ignite  when  they  reached  the  first  land 
cell  downwind,  for  these  two  cargoes  only  the  case  where  pool  burning  was 
initiated  immediately  after  the  spill  was  run.  Methyl  alcohol,  gasoline, 
and  LNG  are  not  toxic,  so  the  hazard  from  them  is  due  to  fire  or  explosion. 
Chlorine  is  toxic  but  incombustible,  so  the  hazard  from  chlorine  stems 
from  Inhalation  only.  Ammonia  is  both  toxic  and  flammable,  so  all  types 
of  damage  may  result.  The  concentrations  of  ammonia  which  result  in  death 
in  a minute  or  so  may  be  considerably  below  the  lower  flammable  limiting 
concentration.  Ammonia  inhalation  will  cause  death  in  a minute  or  so  at 
concentrations  which  are  below  the  lower  flammable  limiting  concentration, 
so  for  the  cells  on  the  x axis  (directly  in  the  path  of  the  cloud)  the 
people  are  killed  by  the  toxic  effects  before  the  explosion  occurs.  After 
an  explosion  or  flash  fire,  pool  burning  takes  place  if  there  is  any 
liquid  remaining  in  the  pool.  No  injuries  or  damage  to  structures  resulted 
from  the  burning  pools  because  the  pool  in  the  center  of  a water  cell  was 
more  than  1 km  from  the  nearest  land  cell  where  the  injuries  and  damage 
were  assessed. 

The  results  for  the  LNG,  chlorine,  and  ammonia  runs  are  discussed  in 
the  following  sections,  and  then  the  three  cases  of  inanediate  pool  burning 
are  taken  up.  Finally, a few  points  concerning  certain  features  of  the  VM 
are  discussed. 

LNG  Spills 

The  results  of  the  simulations  of  six  spills  of  LNG  are  shown  in 
Table  7-5.  For  each  of  the  three  sizes  of  spills,  the  VM  was  run  with  the 
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INC  SPILL.  MEDIUM,  200*0  • 8JMT 

IGNITION  AT  T|Mfc(MINI  • 

9.63 

EXPLOSION 

EXPLOSION 

EXPLOSION 
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TABLE  7-2g 

RESULTS  OF  BOTH  FLASH  FIRE  AND  EXPLOSION 
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TABLE  7-2h 

CELL  BY  CELL  ASSESSMENT  OF  INJURY  AND  DAMAGE  CAUSED  BY  EXPLOSION 


CELL  • *7  CELI-  * 


TOTAL  STRUCTURES  140  1 

TOTAL  VALUE  2212000 


TABLE  7-2 j 

CELL  BY  CELL  ASSESSMENT  OF  INJURY 
AND  DAMAGE  CAUSED  BY  PUSH  FIRE 
AND  THE  SUMMARY  FOR  ALL  CELLS 
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Hierarchical 
Source  Code 

Source 

Designation 

Printed 

Source  of  Value 

0 

— 

Value  is  missing  in  the  Chemical 
Properties  Pile. 

1 

DEFAULT 

Value  is  taken  from  the  default  file. 

2 

EST  PROP 

Value  taken  from  the  Chemical  Properties 
File  is  estimated. 

3 

CHM  PROP 

Value  taken  from  the  Chemical  Properties 
File  is  an  accepted  value. 

4 

COMPUTED 

Value  is  computed  by  the  program. 

5 

USER 

Value  is  supplied  by  the  user. 

6 

SYSTEM 

Value  is  computed  by  the  program  and 
will  override  a user-supplied  code. 

TABLE  7-3 

DESIGNATION  DENOTING  SOURCE  OF  VALUE  FOR  THE  VARIABLE 

The  source  designation  printed  indicates  the  source  of  the  value  printed  out 
for  a given  variable.  Each  value  has  associated  with  it  a hierarchical  source 
code;  for  a given  variable  a value  with  a numerically  higher  source  code  will 
override  (replace)  a value  with  a numerically  lower  source  code. 
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These  test  runs  were  ude  to  exercise  the  VM.  These  results  do  not  necessarily  represent  the  results 
thet  would  be  obtained  f row  a sore  coaplete  VM,  since  the  model  In  Its  current  state  of  development 
(a)  does  not  treat  all  damage  aechanlsas  rigorously,  (b)  does  not  aodel  sll  aspects  of  spill  develop- 
ment with  sophistication  sufficient  to  guarantee  very  precise  results,  sod  (c)  does  not  give  a completely 
realistic  treatment  to  population  denalty  and  shifts  of  density  with  time  of  day  and  season  of  the  year. 
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wind  toward  50°  end  then  with  the  wind  toward  53°.  When  the  vapor  cloud 
from  the  very  large  spill  detonated  at  cell  19 , the  resulting  explosion  vaB 
calculated  to  have  been  Intense  - equivalent  to  about  40,000  tons  of  TNT. 

Such  explosions  are  known  to  be  unlikely;  moreover,  they  are  not  known  to 
be  physically  possible.  Bear  in  mind  that  there  are  few  LNG  ships  in 
operation  and  few  planned  compared  to  the  total  number  of  all  ships  or  even 
all  tankers  operating.  These  ships  will  call  at  few  ports  and  ave  expected 
to  be  subject  to  unusual  operating  constraints  in  the  port  calls  they  do 
make.  There  are  very  few  ways  in  which  any  spill,  much  less  a major  spill, 
can  occur  from  such  specially  designed  vessels,  and  exceptional  precautions 
are  taken  to  preclude  such  an  event.  Although  the  probability  of  such  a rare 
event  ae  an  LNG  spill  is  difficult  and  expensive  to  estimate  reliably,  it  is 
known  to  be  very  low  relative  to  the  total  number  of  LNG  ships  (say,  42  to 
85)  which  will  operate  in  U.S.  waters  (a  small  part  of  their  total  operating 
time)  over  the  full  life  cycle  of  LNG  importation  (say,  15  to  25  years). 

The  next  point  to  bear  in  mind  is  that,  even  if  an  LNG  spill  were  to  occur, 
it  is  far  more  likely  that  the  material  would  burn  in  the  lasediate  vicinity 
of  the  ship  than  that  a cloud  of  vapor  would  disperse  away  from  the  ship. 

Even  if  the  material  did  disperse,  it  would  enter  a populated  area  only  if 
the  wind  direction  carried  it  to  that  area  rather  than  away  from  such  an 
area.  Even  if  an  LNG  vapor  cloud  were  to  approach  a populated  area,  it 
appears  far  more  likely  that  it  would  be  Ignited  when  only  the  leading  edge 
of  the  cloud  was  in  that  area  and  while  the  bulk  of  the  cloud  was  still  over 
water.  If  the  cloud  were  to  move  over  a populated  area  without  ignition,  as 
it  was  wanned  by  the  air  and  grouud*  it  would  tend  to  rise  (at  ambient 
temperatures  LNG  is  lighter  than  air)  and  to  disperse  harmlessly  into  the 
atmosphere.  Even  if  the  cloud  were  to  be  ignited  while  over  a populated 
area  and  before  its  natural  buoyancy  carried  it  up  and  away  from  people  and 
buildings,  it  is  known  that  it  could  burn  in  a flash  fire  or  deflagration; 
it  is  not  known  whether  unconflned  parts  of  the  cloud  could  detonate.  In 
this  respect,  methane  (the  major  component  of  commercial  LNG)  is  less 
dangerous  than  some  other  hydrocarbon  vapors,  such  as  propane  or  ethylene 
oxide.  A possibility  that  has  not  been  fully  researched  (and  would  be  very 
expensive  to  research)  is  that  a detonation  from  a confined  explosion  of  a 
portion  of  the  methane  cloud  (see  Appendix  C5)  could  accelerate  the  deflagra- 
tive  combustion  wave  in  portions  of  the  unconfined  cloud  to  supersonic  speeds, 
thus  producing  detonation(s)  there.  Also,  it  is  not  known  how  much  of  the 
unconfined  cloud  would  be  detonated  or  how  much  of  the  cloud  would  be 
impacted  by  the  initiating  detonation  wave. 

Cases  Ll  and  L2  in  Table  7-4,  then,  represent  hypothetical  events  which 
may  not  be  even  physically  possible  and  which  are  definitely  extremely  unlikely 
ever  to  happen.  Why,  then,  should  such  cases  be  explored  at  all  ir-  a model? 

If  it  can  be  established  that  even  very  rare  types  of  accidents  will  not 
result  in  major  damage,  then  unnecessarily  expensive  safety  precautions  and/or 
scientific  research  on  safety  problems  can  be  avoided.  Where  major  accidents 
cannot  be  conclusively  ruled  out,  then  careful  consideration  of  safety 
precautions,  accident  probability  estimates,  and/or  further  scientific  research 
is  indicated.  Even  so,  no  final  decisions  can  be  made  on  the  basis  of  this 
model  alone.  If  the  risks  (probability  times  consequences)  are  apparently 
comparable  to  other  dangers  to  the  public,  then  deciding  factors  may  be  the 
the  benefits  of  an  activity  and/or  cost-effective  application  of  additional 
safety  measures. 
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One  final  caution  is  that  extensive  scientific  research  can  be  tlne- 
cons using  as  well  as  expensive;  frequently  decisions  are  time-limited  such 
that  it  is  unfeasible  to  obtain  all  of  the  scientific  input  desirable  when 
it  la  needed.  All  production  and  transportation  of  hazardous  materials 
Involve  some  risk;  the  key  question  is  whether  drastic  constraints  affecting  the 
economics  of  these  materials  Involve  even  greater  risks. 

The  reason  that  there  were  more  deaths  for  the  very  large  spill  with 
the  wind  toward  53*  is  that  the  ignition  time  varied  by  two  seconds  and  this 
changed  the  yield  slightly.  The  extra  yield  was  just  enough  to  Increase  the 
effect  in  cell  48  from  21  dead  to  13Z  dead.  As  cell  48  is  a very  densely 
populated  cell,  this  accounts  for  the  excess  deaths  in  the  case  where  the 
wind  was  blowing  toward  53*.  With  the  wind  toward  50*,  the  flash  fire  was 
assessed  to  have  killed  58Z  of  the  population  In  cell  19,  and  the 
radiation  level  there  was  high  enough  to  have  caused  first-degree  burns 
on  the  remainder  of  the  persons  in  the  cell  if  they  had  been  exposed. 

The  LNG  spills  of  medium  size  are  of  interest , because  of  the  fact 
that  ignition  occurred  with  the  wind  toward  53*  and  did  not  occur  when  the  wind 
was  toward  50*.  lu  the  case  which  ignited,  the  center  of  cell  19  was  21  m 
off  the  x axis,  and,  in  the  case  where  it  failed  to  Ignite,  the  center  of 
cell  19  was  95  a off  the  x axis.  Early  in  the  dispersion  of  a puff  of  gas, 
when  the  diffusion  coefficients  are  still  small,  this  difference  can  be 
enough  for  the  concentration  to  reach  the  flammable  range  in  one  case  and 
fail  to  reach  it  in  another.  The  concentration  was  evaluated  at  6 minutes 
when  the  puff  center  was  only  25  a from  the  cell  center,  so  adjusting  the 
time  step  would  have  no  effect  on  the  case  which  failed  to  ignite.  For 
the  neutral  stability  condition,  at  1400  a,  a is  approximately  equal  to 
65  m thus  in  one  case  the  cell  center  was  about  0.3  Oy  from  the  puff  center 
and  in  the  case  with  the  wind  from  50*  the  cell  center  was  about  1.5  oy 
from  the  puff  center,  so  the  failure  to  ignite  is  understandable.  For  the 
50*  case,  cell  46  was  only  30  m from  the  x axis  but  was  3037  m from  the 
spill  location,  and,  by  the  time  the  puff  had  traveled  that  far,  it  was  too 
diffuse  to  ignite.  The  LNG  spills  of  small  size  resulted  in  a vapor  cloud 
which  was  not  concentrated  enough  to  ignite  at  the  first  downwind  cell. 

Chlorine  Spills 

For  chlorine,  the  results  of  seven  computer  runs  are  shown  in  Table  7-6. 

For  all  three  spill  sizes,  there  are  results  for  a wind  speed  of  5 m/s  and 
unstable  conditions  as  well  as  for  a wind  speed  of  4 m/s  and  neutral  conditions. 
In  addition,  the  medium  size  spill  was  run  for  a wind  speed  of  4 m/s  and 
unstable  conditions.  With  stability  class  4 (neutral),  the  values  of  oy  and 
oz  are  smaller  than  they  are  for  stability  class  3 (unstable) , so  the  y 
resulting  puff  is  smaller  and  more  dense  after  traveling  the  same  ul«tance. 
Whether  the  smaller,  denser  puff  affects  more  people  depends  on  the  size  of 
the  spill.  Table  7-6  shows  that  the  small  spill  of  900  kg  is 
calculated  to  have  killed  277  people  and  Injured  over  5000  people 
in  the  neutral  case,  but,  in  the  unstable  case,  the  more  diffuse  puff  was 
too  dilute  to  cause  any  deaths  and  is  calculated  to  have  injured  only  two 
people.  For  the  very  large  spill,  on  the  other  hand,  there  is  so  much  chlorine 
that  the  more  diffuse  puff  is  calculated  to  have  caused  more  deaths  as  well  as 
more  Injuries.  Even  though  the  concentration  is  lower  near  the  center  of  the 
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•ore  diffuse  puff,  It  is  still  more  than  high  enough  to  cause  100Z  deaths 
there,  so  the  more  widespread  puff  causes  fatal  and  nonfatal  injuries  over 
a wider  area.  Because  of  the  large  number  of  casualties  assented  for  the 
very  large  spills  of  chlorine,  it  should  be  mentioned  once  a»*in  that  they 
are  hypothetical  and  represent  only  the  use  of  realistic  demographic  data 
for  a theoretically  possible  incident. 

Por  the  medium- sited  spill,  one  may  compare  two  runs  with  the  same 
stability  with  different  wind  speeds  and  two  runs  with  the  same  wind  speeds 
but  with  different  stability  classes.  Examination  of  these  three  runs  in 
detail  points  out  some  Interesting  features  of  the  VM  and  of  atmospheric 
dispersion.  First,  note  that  at  cell  19,  2.4  km  from  the  spill  location, 
the  case  with  the  wind  speed  equal  to  5 m/s  has  921  injuries  whereas  the  other 
cases  have  921  deaths.  As  all  the  chlorine  was  released  as  gas  in  17.3  s, 
this  is  not  due  to  any  difference  in  travel  time.  (The  release  time  is 
17.3  s for  all  three  spill  sizes  due  to  the  fact  that  the  submodel  Involved 
[MODI  and  EVDRP]  assumes  that  all  the  liquid  chlorine  breaks  up  into 
individual  drops  which  do  not  occupy  a large  fraction  of  the  volume  of 
the  water  and  liquid  chlorine  mixture.)  The  difference  is  due  to  the  fact 
that  the  puff  passes  over  cell  19  while  it  is  very  small,  so  that  the  exact  time 
at  which  the  concentration  is  calculated  is  Important.  For  the  4 m/s, 
stability  class  3 case,  the  concentration  at  6 minutes  was  312  ppm.  At  this 
time,  the  puff  center  was  at  x • 1440  m,  very  close  to  the  center  of  cell  19 

at  x ■ 1412  m,  y ■ 95  m.  For  the  5 m/s,  stability  class  3 case,  the  highest 

concentration  calculated  was  at  4 minutes,  when  the  puff  center  was  at  x ■ 1200  m> 
about  200  m from  the  center  of  cell  19.  Of  course,  at  4.8  minutes  the  puff 
center  was  at  x * 1440  in  this  case,  but  the  time  step  was  2 minutes,  so  the 
concentration  was  not  calculated  then.  Thus  the  smaller  number  of  deaths  with 
the  wind  at  5 m/s  is  due  primarily  to  the  large  value  used  for  the  time  step. 

This  artifact  in  the  assessment  can,  of  course, be  eliminated  by  using 
very  short  time  steps  or  by  calculating  the  factor  determining  toxic 
lethality  (/cndt  as  explained  in  Chapter  6)  at  a given  geographical  point  by 

analytic  means.  A short  time  step  requires  more  computer  time, 

on  which  there  are  economic  constraints.  The  analytic  calculation  of  the 
factor  determining  lethality  at  a geographical  point  appeared  to  be  a level  of  detail 
for  which  the  VM  is  not  ready  at  this  time.  The  problem  is  most  severe  when 
the  puff  is  small  shortly  after  the  release  of  the  cargo  gas.  As  the  puff 
expands  with  distance,  the  problem  becomes  less  severe.  Running  the  VM  with 
10  s time  steps  would  have  caused  the  assessment  of  Identical  numbers  of 
dead  and  injured  for  the  4 m/s  case  and  the  5 m/s  case  with  unstable  conditions, 

| but  the  computation  time  for  each  run  would  have  increased  by  a factor  of 

[ twelve.  Cost  is  roughly  proportional  to  computation  time,  so  the  cost  would 

E have  increased  by  about  an  order  of  magnitude. 

Comparing  the  two  medium-sized  splllB  which  have  the  same  wind  speed, 
but  different  stability  classes,  it  is  clear  that  the  smaller  dense  puff 
resulted  in  more  dead  but  fewer  injured.  Cells  44,  46  and  26  were  close 
enough  to  the  x axis  (i.e.,  close  enough  to  being  directly  downwind)  so  that 
the  higher  concentrations  in  the  neutral  stability  case  caused  100%  deaths 
to  be  assessed,  whereas  in  the  unstable  case  the  lower  concentrations  resulted 
in  the  assessment  of  many  injuries  but  only  a few  deaths. 
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Anhydrous  Ammonia  Spllla 

The  results  of  the  aaaonla  runs  are  shown  in  Table  7-7.  Each  of  the 
three  spill  sices  was  run  with  Ignition  possible  at  the  cell  centers , and 
with  Ignition  precluded.  In  evaluating  test  runs  in  which  the  aaaonla  did 
burn,  the  reader  should  note  that  ammonia  la  difficult  to  ignite  under 
aost  conditions;  however,  it  will  burn  or  even  explode  under  certain 
conditions.  There  is  no  known  record  of  an  unconfined  ammonia  cloud 
explosion. 

The  small  spill  of  8.2  tons  caused  no  toxic  deaths  and  did  not 
ignite.  Toxic  injuries  are  not  assessed  for  ammonia,  as  discussed  in 
Chapter  6.  When  ignition  was  possible,  the  time  step.  At,  was  set  to  1 
minute  since  Ignition  usually  occurs  fairly  soon  if  it  is  going  to  occur. 

With  no  Ignition  sources  at  the  cell  centers,  it  was  desirable  to  run  the 
program  for  30  minutes  so  At  “ 2 minutes  was  used.  In  Table  7-7,  the  case 
with  ignition  possible  at  At  ■ 1 minute  is  listed  first. 

The  very  large  spill  of  over  16,000  metric  tons  of  anhydrous  ammonia 
ignited,  not  at  the  first  cell  in  its  path  (cell  19)  but  later  at 
cell  46.  The  reason  for  this  is  the  evaporation  time  and  the  manner  in 
which  the  puff  model  treats  long  release  times.  It  took  20.8  minutes  for  all  of 
the  aamonia  to  escape  in  gaseous  form,  but  the  puff  submodel  starts  the 
puff  moving  from  the  spill  location  when  the  first  gas  escapes  and 
increases  the  awunt  of  cargo  gas  in  the  puff  as  it  escapes.  Thus,  as  the 
puff  moves  away  downwind,  the  mass  in  the  puff  Increases.  In  this  case,  the 
mass  in  the  puff  increased  fast  enough  to  more  than  compensate  for  the 
spreading  of  the  puff;  the  concentration  increased  from  the  time  the 
puff  was  near  cell  19  (6  min),  so  that  by  the  time  it  was  close  to  cell  46 
(12  min)  ignition  was  possible.  At  the  time  of  ignition  at  11.8  minutes, 

7.9Z  of  the  spilled  mass  was  combustible.  In  the  case  that  the  Ignition 
set  off  an  explosion,  this  amount  of  aamonia  is  equivalent  to  4110  tons  of 
TNT.  The  resulting  damage  is  shown  in  Table  7-7.  There  were  no  deaths 
from  explosive  effects  because  the  people  in  cells  46  and  47,  210  m and 
490  a,  respectively, from  the  blast  center,  were  already  dead  from  the  toxic 
vapors.  Explosion  injuries  were  assessed  as  far  away  as  4350  m at  cell  16, 
where  one  person  was  calculated  to  have  received  injuries  from  flying 
fragments.  Seven  buildings  6500  m from  the  blast  center  in  cell  12  were 
assessed  as  having  broken  windows.  In  the  case  of  flash  fire,  structures 
were  ignited  only  in  cell  46. 

For  the  very  large  spill  without  ignition,  it  is  interesting  to  note 
that  the  2-minute  time  step  resulted  in  more  deaths  from  toxic  vapors 
at  10  minutes  after  gas  release  started  than  the  run  with  At  - 1 minute, 
but  the  number  of  deaths  at  11.8  minutes  in  the  one  case  was  the  same  as 
the  number  of  deaths  at  12  minutes  in  the  other  case.  This  is  due  to  the 
use  of  At  in  calculating  the  dosage.  In  this  example,  the  concentration 
at  cell  47  was  increasing  so  that  the  VM  had,  by  11.8  or  12  minutes,  assessed 
all  of  the  outdoors  population  in  that  cell  as  dead.  Changing  the  size  of 
the  time  step  does  not  always  have  an  effect;  Table  7-7  shows  that  for 
the  medium-sized  spill  the  number  assessed  as  dead  is  the  same  at  10  and 
at  14  minutes  for  At  ■ 1 and  At  - 2. 
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1— dlata  Pool  Burning  - Methanol,  Gasoline,  and  LHC 


Methyl  alcohol  and  gasoline  evaporate  much  more  slowly  then  do  LNG 
and  ammonia,  with  the  result  that  the  concentration  at  the  first  downwind 
cell  (cell  19)  is  so  low  that  even  the  maximum  credible  spill  does  not 
result  in  ignition.  As  the  puff  moves  downwind,  the  amount  of  vapor  it 
contains  increases*  but  the  dispersion  coefficients  increase 
as  well,  and  the  concentration  does  not  approach  the  lower  flammable  limit 
concentration  at  later  times  either.  For  these  two  cargoes,  the  spill 
location  was  moved  30  m upwind  from  the  center  of  the  river  cell,  and  a 
very  short  time  step  was  used;  however,  even  in  these  cases  the  concentration 
was  too  low  to  ignite.  Finally,  the  VM  was  reprogramed  so  that  the  user 
may  set  a flag  which  indicates  that  the  simulation  should  proceed  immediately 
to  pool  burning  after  the  spill  is  complete. 

The  results  of  runs  for  medium-sized  spills  of  LNG,  methyl  alcohol  and 
gasoline  with  immediate  pool  burning  are  shown  in  Table  7-8.  The  radiation 
given  is  for  cell  3,  the  cell  in  which  the  spill  occurred.  For  these 
spills,  the  location  of  the  spill  was  chosen  to  be  the  center  of  cell  3. 

In  the  radiation  calculation,  entering  a zero  for  the  distance  from  the 
center  of  the  pool  to  the  observer  causes  the  flux  to  be  equal  to  infinity; 
thus,  in  cases  like  this,  the  program  removes  the  observer  to  a distance  equal 
to  the  pool  radius  plus  10  m.  In  the  simulation, there  are  no  structures  in 
the  river  cell  in  which  the  pool  burning  takes  place,  and  the  nearest  land 
cell  center  is  about  1.2  km  away;  the  radiation  levels  there  were  not  high 
enough  to  ignite  any  structures,  so  no  damage  is  assessed  in  each  of  these 
three  cases. 

It  may  seem  strange  that  the  burning  time  varies  so  widely  among  these 
three  cases  whereas  the  radiation  intensity  varies  very  little.  This  is 
partially  due  to  the  ways  in  which  some  of  the  submodels  operate.  First, 
it  is  assumed  that  the  pool  stops  spreading  when  ignition  occurs.  Second, 
a simplifying  assumption  in  the  calculation  of  the  radiation  flux  is  that 
the  flux  is  primarily  a function  of  the  adiabatic  flame  temperature. 

Finally,  the  burning  rates  of  large  pools  (in  terms  of  reduction  of  depth 
per  unit  time)  were  found  for  these  three  materials,  and  the  depth  of  the 
pool  was  used  with  these  data  to  give  the  burning  time.  Since  the  total 
energy  radiated  through  a right  circular  cylinder  around  the  flame  is  the 
product  of  the  cylinder's  area,  the  radiation  flux,  and  the  burning  time, 
the  amount  of  energy  radiated  is  not  calculated  in  a direct  way  from  the 
energy  contained  in  the  spilled  cargo  pool. 

Let  us  compare  the  results  of  LNG,  which  has  the  shortest  burning 
time,  with  those  for  methyl  alcohol  which  has  the  longest  burning  time. 

The  available  energy  in  the  pool  at  the  Instant  of  ignition  is  given  by 
the  product  of  the  heat  of  combustion  with  the  mass  of  the  cargo  in  the 
pool.  Thus,  assuming  that  the  combustion  is  complete,  one  finds  that  the 
LNG  pool  contained  3.5  x 10*2  j0uiesf  whereas  the  methyl  alcohol  pool  contained 
1.8  x 10*2  joules.  The  size  of  the  cylinder  around  the  flame  was  chosen  to 
be  such  that  the  radiation  flux  calculated  for  cell  3 may  be  used.  In 
these  examples,  the  spill  was  exactly  at  the  center  of  cell  3,  and  the 
radiation  level  could  not  be  calculated  there  since  this  point  was  Inside 
the  burning  pool.  Therefore,  the  radiation  flux  was  calculated  at  a point 
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10  a beyond  th*  edge  of  the  pool,  end  the  cylinder  had  a radlue  10  a greater 
than  the  pool  radius.  The  area  of  such  a cylinder  is  40,700  a*  for  the  LNG 
case,  but  only  2650  a2  for  the  aethyl  alcohol  pool  since  the  asthyl  alcohol 
pool  was  saaller  and  the  flaae  was  shorter.  Thus,  0.044  x 10J ' Joules  were 
radiated  away  In  the  LNG  case,  and  0.71  x 1012  joules  were  radiated  In  the 
■ethyl  alcohol  case.  The  two  cases  differ  in  radiated  energy,  then,  by  a 
factor  of  about  16,  not  the  factor  of  over  200  which  one  night  get  if  only 
the  burning  tiaes  were  considered.  Still,  in  the  aethyl  alcohol  case  391 
of  the  available  energy  is  calculated  to  have  been  radiated  away,  whereas 
In  the  LNG  case  this  figure  is  only  1.22.  The  remainder  of  the  available 
energy  In  both  cases  Is  convected  away. 

The  long  burning  tine  calculated  for  sathyl  alcohol  results  fro*  the 
fact  that  the  pool  of  aethyl  alcohol  spreads  nore  slowly  than  the  pools  of 
LNG  or  gasoline.  Thus, when  ignition  occurred  after  one  tlae  step  of  60  s, 
the  aethanol  pool  was  about  2 ca  thick,  which  is  the  reason  why  the 
aethyl  alcohol  burning  tlae  is  so  long.  For  pools  which  are  less  than  a 
ailliaeter  thick  at  ignition,  the  assumption  of  no  further  spread  during 
burning  is  reasonable.  But,  in  the  case  of  aethyl  alcohol,  this  assumption 
gives  a pool  which  retains  a radius  of  13.7  a for  almost  2 hours  while  it 
burns.  It  also  results  in  a burning  tiae  which  is  much  longer  than  the 
tiaw  that  it  would  take  the  pool  to  evaporate,  as  calculated  by  the  HACS 
submodel  NODE. 

Conclusions 


These  test  runs  show  the  great  range  of  injuries  and  damage  that  may 
result  from  spills  of  hazardous  cargoes.  The  size  of  the  spill  and  the 
material  spilled  primarily  determine  the  order  of  magnitude  of  the  results, 
but  the  wind  direction  and  atmospheric  stability  also  play  important  roles. 

It  is  noteworthy  that  the  methyl  alcohol  and  gasoline  spills  did  not  evaporate 
fast  enough  to  form  a cloud  concentrated  enough  to  ignite  at  the  first  grid 
point  downwind.  This  point  was  1400  m away;  however,  computer  experiments 
showed  that  ignition  of  the  vapor  cloud  would  not  occur  for  distances  as 
short  as  30  m.  These  results  may  correctly  simulate  physical  phenomena  for 
spills  of  this  type,  but  further  validation  seems  to  be  required.  Thus 
further  investigation  of  the  experiments  and  theory  relating  to  this 
problem  may  be  appropriate. 

Because  the  very  large  spills  of  LNG,  ammonia,  and  chlorine  were 
assessed  to  have  killed  and  injured  thousands  of  people,  it  should  be 
remembered  that  in  this  model  approximations  have  been  made  in  such  a way 
as  to  maximize  the  potential  damage  wherever  feasible  and  that  the 
probability  of  spills  this  large  in  a densely  populated  area  has  not 
been  taken  into  account. 

Ignition 

Since  a change  in  the  wind  direction  of  only  3°  in  the  medium-sized 
spills  determined  whether  or  not  the  vapor  cloud  would  ignite,  consider- 
ation should  be  given  to  making  the  ignition  less  dependent  upon  the  wind 
direction.  At  the  present  time  in  many  case%  the  center  of  the  puff  must  pass 
very  closely  to  a cell  center  for  ignition  to  occur.  This  is  due  to  the  fact 
that  ignition  in  the  VM  is  possible  only  at  the  cell  centers  at  this  time  and 
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that  these  are  rather  coarsely  spaced  vlth  respect  to  the  puff  slse  during 
the  early  stages  of  dispersion.  A quick  solution  to  this  problem  would  be 
to  subdivide  the  census  tracts  presently  in  use.  This  should  solve  the 
ignition  problem,  as  well  as  making  the  assessment  results  less  markedly 
dependent  on  small  variations  In  direction. 

For  the  long  run,  a more  sophisticated  solution  may  be  in  order.  One 
such  solution  would  be  to  assign  an  ignition  probability,  which  would  have 
the  units  of  1/area/tlme,  to  each  census  tract  or  subdivision  thereof. 

Thus  the  product  of  the  ignition  probability  with  the  area  in  which  the 
concentration  is  in  the  coabuatlble  range  would  have  the  units  of  1/time. 
For  each  time  step,  this  product  would  be  multiplied  by  the  duration  of  the 
time  step  and  added  to  the  sum  of  similar  products  from  previous  time 
steps.  This  sum  would  increase  with  each  time  step,  and, when  a threshold 
value* such  as  one-half  is  reached,  ignition  would  occur.  This  method 
would  more  realistically  simulate  both  slow-moving  clouds  hanging  over  an 
area  with  sparsely  distributed  ignition  sources,  as  well  as  clouds  which 
stove  quickly  over  an  area  in  which  Ignition  sources  are  dense. 

Resource  Distribution 


The  fact  that  the  VM  currently  treats  the  resources  in  each  cell  as  if 
they  were  all  located  at  the  cell  center  makes  the  assessment  of  damage 
dependent  on  slight  changes  in  the  spill  location  or  the  wind  direction, 
or  both.  This  is  due  directly  to  the  coarseness  of  the  grid  of  cells. 
Census  tracts  are  often  more  than  1 km  across  and  are  less  than  500  m 
across  only  in  the  most  densely  populated  areas.  Although  the  use  of 
whole  census  tracts  as  cells  has  been  adequate  for  this  developmental 
work,  subdivision  of  census  tracts  will  be  necessary  if  the  development 
of  the  VM  proceeds  much  further. 

Ideally, the  resources  would  be  described  in  a grid  system  which  has 
a scale  smaller  than  the  horizontal  diffusion  coefficient  of  the  air  dis- 
persion model  for  the  conditions  prevailing  at  the  time  of  interest. 

Since  the  dispersion  coefficients  differ  widely  with  the  stability  class 
and  distance,  no  single  scale  can  be  ideal  for  all  conditions.  For  the 
most  stable  conditions  within  a few  hundred  meters  of  the  source,  the 
horizontal  dispersion  coefficient  is  less  than  10  m,  and  cells  on  this 
scale  are  computationally  Infeasible;  even  so,  consideration  might  be 
given  to  making  the  cells  smaller  along  the  river  or  harbor  than  they  are 
a kilometer  or  so  inland. 

Time  Step  Selection 

The  test  runs  have  shown  that  the  VM,  at  its  current  stage  of  develop- 
ment, is  sensitive  to  the  choice  of  time  step  under  certain  conditions. 

If  development  proceeds,  this  could  be  addressed  by  a number  of  actions. 

An  increase  in  the  density  of  the  cells  and  a more  sophisticated  treatment 
of  the  ignition  problem  will  largely  resolve  the  current  situation  in 
which  the  concentration  of  the  puff  at  the  cell  center  is  not  evaluated 
during  the  time  that  this  concentration  is  near  its  maximum;  however,  it 
may  be  necessary  to  introduce  an  internal  limit  in  time  step  duration  and 
to  use  a short  time  step  for  the  early  stages  of  the  dispersion  and  a 
longer  time  step  later  on.  These  procedures  will  also  remedy  the  problem 
for  toxic  gases  where  the  concentration  is  not  evaluated  for  representative 
values. 
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Validation 


Extensive  validation  of  the  VM  by  reference  to  actual  accidental  spills 
of  hasardous  materials  has  not  been  feasible.  The  large  disasters  happen 
only  infrequently  and  are  usually  not  well  documented.  Smaller  spills,  on 
the  order  of  the  medium  sise  or  smaller,  happen  more  often,  but  they  too 
are  usually  not  veil  documented  and,  fortunately,  they  commonly  occur  in 
rural  areas.  Moreover,  upon  close  examination,  almost  every  accident 
seems  to  have  features  which  make  it  atypical. 

For  example,  consider  the  case  of  the  freight  train  derailment  in 
Crete,  Nebraska,  in  February  of  1969  [36].  In  some  respects  this  case  is 
ideal  for  study  since  the  accident  involved  a substantial  amount  of  ammonia 
(111  m3)  and  occurred  near  the  center  of  town.  On  the  other  hand,  the 
accident  took  place  at  0630  when  the  temperature  was  very  low  (~15.S°C) 
and  there  was  no  wind.  Thus  very  few  people  were  out  of  doors,  and  all  of 
the  houses  were  tightly  closed.  These  conditions  contributed  to  the  fact  that 
only  6 persons  were  killed  and  28  seriously  injured  from  ammonia  Inhalation 
in  this  accident. 

The  Phase  I submodels  could  be  validated  individually  or  as  a group 
by  field  experiments.  Some  work  of  this  type  has  been  performed  and  more 
is  currently  underway;  however,  the  cost  of  large-scale  field  experiments 
is  high  in  resources  and  time.  The  Phase  II  submodels  are  generally  based 
on  extrapolated  animal  experiments.  In  some  instances,  reports  of  accidents 
have  contributed  to  the  evolution  of  assessment  procedures.  Nevertheless, 
in  any  event  the  validation  of  Phase  II  submodels  by  planned  experiments 
is  ethically  unacceptable. 

Cost 


The  cost  of  running  the  VM  will  vary  depending  upon  the  computer 
system  used  and  the  scenario  simulated.  The  test  runs  were  made  on  an  IBM 
360/65  computer.  Running  times  were  generally  between  15  and  35  CPU  seconds. 
Typically  1000  to  2000  lines  of  output  were  produced.  The  typical  cost  of 
a run  was  between  three  and  eleven  dollars.  A cost  of  five  dollars  was 
average. 

Closure 


The  examples  in  this  chapter  were  presented  to  allow  the  reader  to  see 
the  type  of  Information  obtained  by  running  the  VM  and  to  judge  the 
reasonableness  of  the  results  in  view  of  the  approximations  Inherent  in 
the  development  of  the  VM.  Neither  the  probability  of  a spill  nor  the 
probability  of  any  other  factors  has  been  considered  in  the  VM,  since  it 
is  a damage  assessment,  not  a risk  assessment  tool.  The  probability  of 


[36)  U.  S.  Department  of  Transportation,  National  Transportation  Safety 
Board.  Railroad  Accident  Report  (Chicago,  Burlington,  and  Quincy 
Railroad  Company,  Train  64  and  Train  824,  Derailment  and  Collision 
with  Tank  Car  Explosion,  Crete,  Nebraska,  Feburary  18,  1969). 

U.  S.  Department  of  Transportation,  Washington,  D.C.,  February  24, 
1971.  Report  No.  NTSB-RAR-71-2. 
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the  events  comprising  e simulation  scenario,  as  vail  as  the  validity  of 
the  approximations  and  assumptions  made  in  the  course  of  VM  development, 
should  always  be  borne  in  mind  when  the  test  runs  are  contemplated, 
interpreted,  or  discussed  by  the  reader. 
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CHAPTER  8 


SENSITIVITY  ANALYSIS 


Plan  of  the  Analysis 

The  concept  of  sensitivity  analysis  has  been  extensively  discussed  in 
the  literature  related  to  control  systems  and  other  physical  systems  [37,  38]. 
Although  the  theoretical  concepts  considered  are  relatively  sophisticated, 
simplification  can  be  made  to  apply  these  methods  to  a sensitivity  analysis 
of  the  VM. 


Typically  one  considers  a system  with  n output  variables,  Yi,  1*1, 
2,...,  n,and  with  m input  variables,  Xj,  j - 1,  2,...,  m.  Then  we  may  write 

Yi  - ft  (Xj) 

to  represent  the  functional  dependence  of  the  n output  variables  on  the  m 
Input  variables. 

Consider  now  the  differential  change  in  one  of  the  output  variables, 
dYi.  By  the  chain  rule  we  have 

dY*  «i  +Hid*2  + •••  +!£  dx» 

The  factors,  3fi/3Xj,  are  usually  termed  the  sensitivity  coefficients  and 
give,  for  small  changes  in  the  input  variables,  a measure  of  the  effect  on 
the  output  variable. 


For  a detailed  sensitivity  analysis,  each  of  the  sensitivity  coefficients 
must  be  considered  and  its  variation  over  the  range  of  the  several  variables 
must  be  determined.  One  way  to  summarize  the  output  variation  would  be  to 
consider  functions  such  as 
n 

8j  ■ Z 
i-1 


which  gives  the  "change  in  arc  length"  generated  in  the  n dimensional  space 
of  output  variables  by  incremental  changes  in  the  jth  input  variable. 


In  the  present  stage  of  the  development  of  the  VM,  such  a rigorous  sensi- 
tivity analysis  is  considered  to  be:  (a)  too  detailed,  exacting,  and  time 

consuming  considering  the  priorities  of  other  tasks  in  the  program  and  (b)  too 
abstract  and  devoid  of  physically  tenable  measures  to  assist  the  USCG.  Therefore, 
a simpler,  less  sophisticated,  less  conventional  form  of  sensitivity  analysis 
has  been  chosen. 


[37]  Radanovic,  L.  (ed.).  Sensitivity  Methods  in  Control  Theory. 
Pergamon  Press,  New  York,  1966. 

[38]  Tomovic,  R.  Sensitivity  Analysis  of  Dynamic  Systems.  McGraw- 
Hill,  New  York,  1963. 
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In  chls  modified  analysis , a square  grid  with  a uniform  density  of 
population  and  structures  was  used.  Therefore,  input  variables  such  as  spill 
location  and  wind  direction,  which  change  only  the  location  but  not  the  mag- 
nitude of  the  damage,  should  have  no  effect.  This  is  true  as  long  as  the 
area  in  which  the  damage  or  Injuries  occur  always  falls  within  the  grid, 
and  as  long  as  the  mesh  of  the  grid  is  small  with  respect  to  the  size  of 
the  damage  mechanism. 

For  the  sensitivity  analysis  computer  test  runs,  a 15  x 15  grid  with  a spacing 
of  500  m was  set  up.  Each  grid  point  represented  1000  people  (all  assumed  to  be 
outdoors)  and  100  structures.  The  spill  took  place  at  the  central  point. 

And  the  wind  was  in  the  positive  x direction  (toward  the  east).  For 
a distance  of  1 km,  the  horizontal  dispersion  coefficient  for  the  puff  is 
less  than  10  m for  the  very  stable  condition  and  about  85  m for  the  unstable 
condition.  Thus  the  grid  spacing  is  not  small  with  respect  to  the  size  of 
the  puff  at  this  distance,  so  the  wind  direction  and  spill  location  will 
Influence  the  damage  assessment.  Consider,  as  an  example,  the  case  of  a 
toxic  gas  with  stable  atmospheric  conditions.  The  cloud  will  be  small  and 
concentrated,  and  the  wind  will  carry  it  down  the  x axis  directly  over  each  grid 
point  along  the  axis,  killing  all  of  the  people  at  each  point.  If  the  release 
point  is  moved  half  a grid  space  to  the  north  (in  the  positive  y direction), 
the  wind  will  carry  the  cloud  down  the  corridor  between  the  grid  points,  and 
no  deaths  at  all  may  be  assessed.  This  effect,  due  to  changing  the  spill 
location,  is  completely  artificial  and  results  from  the  coarseness  of  the 
grid.  In  theory,  or  for  an  infinitely  fine  mesh,  the  wind  direction  and 
spill  location  have  no  influence  on  the  damages  assessed  for  a resource 
which  has  a uniform  density.  Therefore,  since  a grid  spacing  smaller  than 

the  size  of  the  puff  is  not  economically  feasible,  and  since  the  wind  . 

direction  and  spill  location  do  not  affect  the  damage  assessment  for  a very 

fine  mesh,  the  spill  location  and  wind  direction  are  not  changed  in  this 

analysis,  even  though  they  will  affect  the  assessment  due  to  the  coarseness 

of  the  grid.  « 

j 

The  plan  for  these  computer  runs  was  to  vary  only  the  size  of  the  j 

spill,  the  wind  speed,  and  the  stability  class,  but  it  became  necessary  to  , 

vary  the  time  step  in  certain  cases  as  well.  The  puff  model  was  used  for 
all  runs,  and  the  time  step  was  1 minute  unless  otherwise  stated.  As 
methyl  alcohol  and  gasoline  evaporated  so  slowly  that  they  would  not  ignite, 
and  since  these  cargoes  are  not  currently  treated  as  toxic  in  the  VM,  the  j 

sensitivity  analysis  test  runs  were  made  only  for  chlorine,  anhydrous  ammo- 
nia, and  liquefied  natural  gas  (LNG) . For  each  cargo,  the  standard  or  reference 
run  was  a medium-sized  spill  with  neutral  stability  and  a wind  speed  of  4 m/s. 

After  this  reference  run  had  been  made,  six  other  runs  were  made,  and  in 
each  of  them  only  one  parameter  varied  from  the  reference  case.  The  stabil- 
ity was  changed  to  more  and  less  stable  conditions,  and  the  wind  speed  was  re- 
duced from  4 to  2 m/s  and  then  increased  to  10  m/s.  Finally,  the  size  of 
the  spill  was  changed  to  the  very  large  size  and  then  to  the  small  size. 

Results 


1.  Toxic  effects 

The  results  of  the  runs  which  concentrated  on  the  toxic  effects  are 
given  in  Table  8-1.  Since  there  were  only  7 cells  downwind  of  the  spill 
on  the  x axis,  the  7000  dead  for  the  first  (reference)  ammonia  run  repre- 
sent the  maximum  number  that  can  be  killed  unless  the  puff  is  large  enough 
to  affect  the  cells  off  the  x axis.  Had  the  grid  been  larger  and  the 
runs  extended  for  a longer  period  of  time,  the  casualties  would  have  been 
greater  since  this  spill  was  causing  1002  deaths  when  it  reached  the  edge 
of  the  grid.  The  puff  is  less  dense  and  more  widely  distributed  in  the 
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^ TABLE  8-1 

j SUMMARY  OF  TOXIC  EFFECTS 

■ For  these  runs,  a square  grid  with  cells  5C0  m apart  was  used.  The  wind 

2 blew  in  the  direction  of  the  positive  x axis,  and  the  time  step  was  1 

minute  unless  otherwise  indicated-  Each  cell  contained  1,000  people 
i outdoors  and  100  structures.  A square  grid  structure  comprised  of  15  x 15 

i cells  was  used  with  the  spill  always  at  the  center,  so  there  were  7 cells 

‘ downwind  of  the  spill.  The  stability  classes  are  denoted  as  follows: 

N*neutral,  U-unstable,  and  Sastable. 


unstable  case,  and  the  concentrations  just  barely  reached  the  lethality 
threshold.  (No  Injuries  are  assessed  for  anaonia,  as  discussed  in 
Chapter  6.)  The  medium-sized  aanonia  pool  takes  7.8  minutes  to  evaporate, 
so  the  puff  Is  aore  than  halfway  down  the  x axis  before  It  contains  the 
entire  amount  of  the  spilled  cargo.  Thus  the  vapor  cloud  did  not  contain 
all  of  the  spilled  aanonia  when  It  passed  over  the  first  grid  points;  this 
partly  explains  why  very  few  deaths  were  assessed  with  unstable  condi- 
tions, since  the  concentration  at  the  center  of  the  puff  Is  lover  than  with 
other  stability  conditions.  Use  of  the  puff  nodel,  as  described  In  Chapter 
3,  requires  that  the  vapor  liberated  at  later  times  be  added  to  the  puff  at 
its  downwind  position,  without  passing  over  the  Intervening  area.  This 
anomaly  is  produced  by  the  lack  of  an  extant  air  dispersion  model  to  treat 
cases  between  Instantaneous  and  continuous  releases.  The  results  for  the 
unstable  case  were  not  affected  by  the  value  of  the  time  step. 

The  cases  with  stable  conditions  and  the  slow  wind  speed  caused  100% 
deaths  on  the  x axis  as  might  be  expected.  The  low  number  of  assessed  fatal- 
ities in  the  fast  wind  speed  case  is  due  to  the  use  of  a time  step  of  1 
minute  which  is  too  large  for  a wind  speed  of  10  o/s.  Although  this  run  reported 
no  fatalities  in  the  first  cell  downwind  because  the  puff  center  was  100  m 
away  when  the  concentration  was  calculated,  a short  run  with  a time  step  of 
10  s found  89%  dead  for  this  cell.  Since  the  evaporation  Is  completed  just 
before  the  puff  leaves  the  grid,  and  the  run  with  4 t * 1 minute  calculated  100% 
dead  when  Che  puff  center  was  at  the  center  of  the  sixth  cell  on  the  x axis 
at  3 minutes,  it  is  clear  that  if  the  time  step  had  been  50  s to  insure  evalua- 
tion of  the  concentration  when  the  puff  center  was  exactly  at  each  cell  center, 
the  number  of  fatalities  would  have  been  over  6000. 

The  very  large  spill  caused  over  13,000  deaths  because  it  was  so  big 
that  the  puff  was  capable  of  causing  toxic  concentrations  in  the  cells  adja- 
cent to  the  x axis.  The  first  cell  off  the  axis  to  have  deaths  assessed  vaa 
at  x ■ 2 km,  and  the  cells  at  3.0  and  3.5  km  had  100%  fatalities.  As  the  eva- 
poration took  almost  21  minutes  for  this  size  spill,  fatalities  would  have  been 
caused  for  at  least  10  km  downwind  if  the  grid  had  extended  chat  far.  The 
small  spill  caused  considerably  fewer  deaths  than  did  the  reference  case, 
which  is  to  be  expected. 

The  medium-sized  Chlorine  spill  is  less  than  one  tenth  the  mass  of  the 
medium-sized  amnonla  spill,  but  chlorine  is  much  more  toxic  than  aosnonia,  so 
the  chlorine  spill  is  also  assessed  to  have  killed  everyone  on  the  x axis. 

The  unstable  case  resulted  in  4580  deaths,  many  more  than  the  ammonia  spill 
with  unstable  conditions.  The  difference  is  primarily  due  to  the  fact  that  all 
of  the  chlorine  evaporates  in  only  17.3  s,  so  that  the  entire  mass  spill  is 
present  in  the  vapor  cloud  when  it  reaches  the  first  grid  point.  The  stable 
case  was  assessed  to  have  killed  all  persons  in  cells  on  the  x axis  only  if 
a time  step  of  20  s is  used.  With  At  * 1 minute,  the  assessment  was  much  less. 
Por  the  case  with  the  wind  at  10  m/s,  even  with  At  • 20  s,  the  cell  center 
was  100  m from  the  puff  center  for  the  first  cell,  which  was  too  far.  With 
At  • 10  s,  25  s,  or  50  s,  100%  in  all  the  cells  on  the  x axis  would  have  been 
assessed  as  killed.  Even  the  small  spill  of  less  than  a ton  of  chlorine 
killed  almost  4000  people.  A run  with  an  extra  long  grid  shoved  that  the 
reference  case  was  capable  of  100%  lethalities  more  than  7 km  downwind  on  the 
x axis.  'There  were  no  deaths  in  the  cells  adjacent  to  the  axis,  but  there 
were  some  Injuries. 


132 


To  sua  up,  Che  toxic  deaths  show  a greater  dependence  on  atablllty 
class  than  they  do  on  wind  speed,  a result  which  was  expected.  This 
assumes  that  the  length  of  the  time  step  is  reduced  as  the  wind  speed 
Is  Increased,  otherwise  too  Infrequent  evaluation  of  the  gas  concentra- 
tion will  result  in  Inaccurate  assessment  of  the  injuries.  For  the 
mediuo^slzed  spills  of  chlorine  and  anmonla,  the  unstable  condition 
resulted  in  many  fewer  casualties  than  did  the  neutral  condition.  For 
a very  large  spill,  however,  this  may  not  be  the  case. 

2.  Effects  of  Explosions  and  Fires 

The  results  of  the  sensitive  ty  runs  for  the  f lammable  cargoes  being 
considered,  LNG  and  ammonia,  are  shown  in  Table  8-2.  In  the  case  of 
aanonla,  the  concentration  levels  necessary  to  cause  death  in  a couple  of 
minutes  or  less  are  below  the  lower  flammable  limit  concentration,  so 
the  inhabitants  of  the  cell  at  which  the  ignition  occurs  are  already  dead 
before  the  explosion  or  flash  fire  occurs.  Thus  there  are  no  injuries  or 
deaths  from  the  explosion  or  flash  fire  for  ammonia  in  the  ignition  cell. 

And  the  very  large  spill  is  the  only  aanonla  spill  which  causes  a large 
enough  explosion  to  affect  people  outside  the  ignition  cell. 

The  slow  rate  at  which  the  ammonia  evaporates  is  the  reason  that  the 
vapor  cloud  failed  to  ignite  in  three  of  the  medium-sized  spills.  Igni- 
tion did  occur  in  the  stable  case  where  the  puff  is  smaller  and  more  con- 
centrated and  in  the  slow  wind  case  where  more  of  the  liquid  was  able  to 
evaporate  before  the  puff  reached  the  first  cell  downwind.  The  very  large 
spill  is  interesting  in  that  it  did  not  Ignite  at  the  first  cell  downwind,  but 
did  ignite  at  the  third  cell.  This  was  due  to  the  continued  evaporation  of  the 
ammonia  as  the  puff  moved  downwind.  The  increase  in  mass  countered  the  in- 
creasing size  of  the  dispersion  coefficients  and  caused  the  concentrations 
on  the  x axis  to  Increase  with  time. 

The  failure  of  the  LNG  spills  to  ignite  for  the  unstable  mixing  condi- 
tion and  the  small  spill  is  not  unexpected.  The  case  with  stable  conditions 
resulted  in  a smaller  explosion  than  the  reference  case  because  the  smaller 
values  of  the  dispersion  coefficients  allowed  less  of  the  methane  to  be 
In  the  f loanable  concentration  range.  In  the  low  wind  speed  case  as  in  the 
reference  caset  evaporation  was  complete  and  no  liquid  pool  remained  when 

the  cloud  ignited  at  the  first  downwind  cell.  In  the  high  wind  speed  case, 

however,  ignition  occurred  when  the  evaporation  was  little  more  than  half 
completed;  consequently,  even  though  a larger  portion  of  the  vapor  exploded,  the 
resulting  blast  was  less  powerful  than  the  one  in  the  reference  or  low  wind 
speed  cases.  Note  that  the  blast  in  the  very  large  spill  case  treated  here 
is  much  smaller  than  it  was  in  the  test  cases  with  an  actual  grid  of 

census  tracts.  This  is  due  to  the  fact  that  here  ignition  occurred  about 

310  m from  the  spill  location,  whereas  in  the  case  reported  in  Chapter  7 
the  puff  moved  just  over  1000  m before  ignition.  This  extra  movement  allowed 
time  for  additional  LNG  to  evaporate,  and  for  the  cloud  to  disperse  more  widely, 
so  the  portion  of  the  methane  in  the  range  of  f lanmability  was  greater. 

The  LNG  spill  for  the  10  m/s  wind  did  not  ignite  with  the  usual  time 
step  of  60  s.  A value  of  At  such  as  10  s,  25  8,  or  50  s,  which  causes 
the  concentration  to  be  calculated  when  the  puff  center  is  exactly  at  the 
first  grid  point,  does  result  in  ignition.  With  At  ■ 60  s,  the  puff  center 
and  cell  center  did  not  coincide  at  an  evaluation  time  until  5 minutes  after  the 
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spill  when  the  puff  center  was  et  the  sixth  cell  downwind  of  the  spill  location. 
At  this  tine,  the  concentration  at  the  center  of  the  puff  was  not  great  enough 
to  cause  ignition.  (It  is  not  true  that  the  puff  center  and  the  grid  point  oust 
coincide  for  ignition;  however,  when  the  fuel  concentration  is  above  the  lower 
f loanable  limit  only  near  the  center  of  the  puff,  then  the  center  of  the  puff 
must  come  very  close  to  the  ignition  source  if  ignition  is  to  occur.) 


Summary  and  Conclusions 

It  is  clear  that,  of  the  three  parameters  varied,  the  site  of  the  spill 
had  the  greatest  effect  on  the  damage  assessed.  This  was  partially  obscured 
in  the  case  of  the  very  large  spills  of  toxic  cargoes  because  when  the  vapor 
clouds  from  these  spills  leave  the  grid,  they  have  concentrations  far  above 
that  needed  to  cause  death  in  a few  minutes.  The  small  spills  of  the  toxic 
substances  caused  many  fewer  fatalities  than  did  the  medium-sized  spills.  The 
small  spills  of  the  flammable  cargoes  also  caused  many  fewer  deaths  than  did 
the  medium-sized  spills,  but  here  one  of  the  primary  reasons  was  the  failure 
of  the  vapor  cloud  to  ignite.  Unlike  the  toxic  case,  for  flammable  materials 
the  relationship  of  input  parameters  to  damage  caused  was  discontinuous,  with 
the  discontinuity  occurring  at  the  Ignition  threshold.  The  small  spills  did 
not  result  in  clouds  dense  enough  to  ignite  at  the  first  grid  point,  so  there 
is  no  damage  from  fire  and  explosion  for  these  cases. 

Of  the  remaining  two  variables,  the  stability  class  had  a more  marked 
effect  than  did  the  wind  speed.  In  the  toxic  case,  the  number  killed  was 
lower  for  unstable  case  atmospheric  conditions  than  for  the  reference  case 
with  neutral  stability.  For  ammonia,  changing  to  unstable  conditions  almost 
eliminated  the  fatalities.  For  chlorine,  the  reduction  was  less  pronounced. 
The  effects  of  stable  conditions  do  not  show  up  as  well  in  this  sensitivity 
analysis  because  of  the  small  number  of  cells  downwind  from  the  spill  loca- 
tion. A note  of  caution  is  in  order,  however.  For  the  very  large  spills, 
the  change  from  neutral  to  unstable  conditions  may  result  in  more  deaths 
and  injuries.  This  is  due  to  the  fact  that  an  increase  in  dosage  above  the 
lethal  level  has  no  effect.  For  a big  spill  in  which  the  concentration 
might  be  above  the  lethal  concentration  in  the  cells  adjacent  to  the  x axis, 
fewer  people  may  be  assessed  as  killed  if  the  lethal  concentration  of  toxic 
gas  is  contained  near  the  axis  and  does  not  extend  to  the  adjacent  cells. 

Since  the  populations  of  the  cells  on  the  x axis  are  all  killed  anyway, 
increasing  the  concentration  there  will  have  no  further  effect. 
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Finally,  we  come  to  the  variations  in  wind  speed.  For  the  materials 
which  evaporated  before  the  puff  reached  the  first  grid  point  with  the  10 
m/s  wind,  the  wind  speed  had  no  effect  on  the  damage  assessed  as  long  as 
the  time  step  was  reduced  accordingly.  For  cargoes  which  took  longer  to 
ignite,  the  increased  wind  speed  could  mean  the  difference  between  ignition 
and  no  ignition.  For  ammonia,  for  example,  the  release  of  the  gas  was 
slow  enough  so  that  only  for  the  2 m/s  case  was  the  concentration  high 
enough  to  ignite  when  the  puff  reached  the  first  grid  point.  It  should 
be  pointed  out  that  the  wind  speed  and  the  stability  condition  are  not 
unrelated.  The  most  stable  atmospheric  conditions  are  invarial’/  associated 
with  calms  or  very  light  winds.  Thus,  specification  of  strong  winds  and 
stable  conditions  is  not  realistic. 
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CHAPTER  9 


THE  HISTORICAL  SURVEY  SUBTASKt 


This  chapter  describes  the  work  performed  on  the  VM  under  the 
historical  survey  subtask.  This  subtask  consisted  mainly  in  researching 
and  compiling  data  about  unconflned  vapor  cloud  explosions,  data  that 
would  be  helpful  in  the  development  of  the  VM,  but  that  might  not  be 
readily  available.  Ongoing  research  activities  and  plans  related  to  VM 
development  were  also  surveyed. 

In  the  following  text.  Section  1 presents  a summary  of  the  major 
findings  of  the  historical  survey  subtask.  Section  2 is  a review  of 
private  sector  safety  research  and  development  plans  relevant  to  the 
development  of  the  VM.  Section  3 is  a listing  of  respondents  interviewed 
or  contacted.  In  addition.  Appendix  F contains  a detailed  account  of 
fourteen  case  studies  of  accidental  explosion  incidents.  In  the  fol- 
lowing text,  numbered  cases  (such  as  Case  F.9)  refer  to  the  descriptions 
provided  in  Appendix  F. 

1.  OVERVIEW 


This  section  presents  an  Introduction  to  and  a summary  of  the  major 
findings  of  this  study,  as  well  as  a discussion  of  the  major  data  gaps 
and  recommendations  for  filling  them. 

1.1  Objectives  and  Scope  of  the  Study 

This  study  was  undertaken  to  seek  real  world  verification  of  the 
predictions  of  the  VM,  by  collecting  available  data  on  actual 
vapor  cloud  fires  and  explosions. 

The  initial  thrust  of  the  investigation  was  to  visit  private,  mostly 
industrial,  organizations  which  had  experienced  or  investigated  actual 
vapor  cloud  explosions  and  to  ask  for  access  to  their  data.  It  was 
known  that  some  such  studies  existed  but  were  largely  unpublished.  Such 
studies  are  typically  not  published,  because  the  details  Intrude  too  far 
into  areas  the  organizations  consider  private  and  confidential.  Never- 
theless, it  was  expected  that  the  strictly  safety  aspects  of  internal 
reports  would  usually  be  shared  in  face-to-face  conferences  where  confi- 
dential information  could  be  kept  private. 

It  turned  out  that  some  very  instructive  studies  were  indeed  obtained 
in  this  fashion,  but  overall  a disappointingly  small  number  of  really 
usable  case  studies  were  found.  A number  of  commonly-listed  "gas"  ex- 
plosions, upon  review,  turned  out  to  have  occurred  inside  a reactor  or 


+The  historical  survey  reported  in  this  chapter  was  performed  under 
contract  to  ECI  by  Dr.  John  A.  Brown  of  John  Brown  Associates,  Inc., 
Berkeley  Heights,  New  Jersey. 
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inside  a building  and  were  noc  ac  all  the  unconfined  vapor  cloud  evence 
of  interest  here.  Some  companies  would  talk  only  under  seal  of  privacy , 
and  their  data  could  be  used  only  to  enhance  the  perspective  on  the 
reportable  cases.  A few  companies  would  not  talk  at  all. 

But  mostly,  the  detail  desired  simply  does  not  exist.  Industrial 
I disasters  have  seldom  been  investigated  in  anything  like  the  detail 

lavished  on,  say,  an  airline  disaster.  Industrial  emphasis  is  placed 
I on  proximate  causes  and  on  prevention  of  recurrences,  and  relatively 

minor  attention  is  paid  to  such  elements  as  the  exact  amount  of  fuel 
participating  in  an  explosion  or  the  resulting  damage  profiles.  Recon- 
struction of  industrial  explosion  disasters  in  detail  comparable  to  that 
provided  by  the  VM  would  require  a vastly  greater  investigative  effort 
than  private  organizations  are  willing  or  able  to  mount. 

In  the  end,  only  two  industrial  explosion  case  studies  were  se- 
lected for  presentation  herein,  and  this  study  was  extended  to  Include 
the  more  numerous  and  better-documented  studies  of  transportation- 
related  vapor  cloud  accidents.  In  all,  nineteen  visits  and  interviews 
were  carried  out,  and  fourteen  case  studies  were  selected  as  suffi- 
ciently instructive  for  inclusion  in  this  report.  Lessons  learned  are 
summarized  in  Section  1.2,  and  the  cases  are  reported  in  detail  in 
Appendix  F. 

The  existence  of  several  previously  unlisted  industrial  explosions 
was  discovered  during  the  course  of  investigations  supporting  this 
i study,  but  visits  to  the  investigators  of  these  explosions  could  not  be 

arranged  in  the  time  remaining  between  discovery  of  the  incident  and  the 
termination  of  this  program.  They  are  listed  in  Table  9-1.  It  is  not 
recommended  that  they  be  pursued.  The  two  case  studies  presented  herein 
j are  by  far  the  most  detailed  of  those  seen,  and  even  they  are  sketchy  by 

! VM  standards.  Conferences  with  numerous  respondents  with  first  or  second- 

hand knowledge  of  the  unexplored  cases  indicate  that  further  case  studies 
j are  not  likely  to  add  materially  to  the  picture. 

S It  must  not  be  Inferred  from  the  remarks  on  privacy  that  important 

safety  data  are  being  withheld  in  any  significant  number  of  cases.  They 
are  not.  Details  impacting  litigation  and  liability  were  sometimes  with- 
held, but  every  respondent  saw  to  it  that  the  key  safety  information  was  |j 

made  available,  even  if  permission  was  not  given  to  use  the  actual  case  ^ 

study  or  to  cite  the  source. 

1 

TABLE  9-1.  ADDITIONAL  MISHAP  INCIDENTS  MENTIONED  , 

DURING  INTERVIEWS  AND  RECOMMENDED  FOR  SPECIFIC  j 

EXPLORATION  WITH  THE  RESPECTIVE  RESPONDENTS  LISTED  \ 

• "Vapor  cloud  800'  x 200'  x 20'"  — Cities  Service,  Lake  \ 

Charles,  La.,  "1967  or  68".  ' 

• Ethylene  oxide  tank  car  — Dow  Chemical,  Midland,  Mich. 

• "Several  incidents"  — PPG  Industries,  Lake  Charles,  La. 

• Butadiene  explosion  — Union  Carbide,  Texas  City,  Texas, 

7 Sept  70. 

s Isoprene  plant  explosion  — Goodyear,  Beaumont,  Texas, 

27  Nov  74. 


J 
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1.2  Finding*  and  General  Conclusions 


The  extraction  of  quantlta  tiv  generalisations  from  records  of  such 
capricious  events  as  accidental  fires  and  explosions  should  be  approached 
with  extreae  caution  and  with  application  of  extremely  wide  confidence 
Halts,  but  a number  of  clear  qualitative  conclusions  do  emerge  from  this 
study . 

As  explained  In  Chapter  4, the  VM  models  the  combustion  of  the  vapor-air 
cloud  as  either  a deflagration,  producing  no  significant  overpressure,  or 
a detonation,  producing  a shock  wave  of  potentially  destructive  overpressure. 
This  strict  dichotomy  between  deflagration  and  detonation  is  based  on  the 
classical  Chapman- Jouget  theory  of  combustion  waves.  As  mentioned  in 
Chapter  4, more  modern  studies  indicate  the  possibility  that  deflagration 
(subsonic)  combustion  may,  under  certain  circumstances,  produce  damage- 
generating, finite  amplitude  blast  waves.  In  this  Chapter, the  terms  "explo- 
sion" and  "blast"  are  used  to  refer  to  damage-causing  overpressures  without 
regard  to  the  nature  of  the  combustion  (def lagrative  or  detonatlve)  which 
gave  rise  to  the  overpressures.  Thus  "def lagrative  air  blast"  refers  to 
an  event  causing  explosion  damage  but  thought  to  originate  from  def lagrative, 
rather  than  detonatlve,  combustion. 

The  Results  of  Vapor  Cloud  Ignitions  Vary  Widely 

The  consequences  of  vapor  cloud  ignitions  range  from  a huge  but 
simple  fire  through  def lagrative  air  blasts  to  true  gas  detonations  with- 
out any  apparent  way  to  make  confident  predictions.  Fireballs  ranging 
up  to  hundreds  of  feet  in  height  and  diameter  are  almost  universally  re- 
ported, and  about  half  the  incidents  involve  air  blasts  which  break  win- 
dows and  strip  metal  sheets  from  nearby  buildings  but  do  not  strip  leaves 
from  trees  or  shatter  heavy  structures.  Detonations  are  rare;  the  four 
reported  herein  form  a disproportionately  large  sample  from  the  popu- 
lation. They  are  over-reported  because  their  disproportionate  destruc- 
tiveness has  attracted  more  attention  and  more  detailed  reporting  than 
have  the  results  of  the  lesser  def lagrative  blasts.  Spills  studied 
ranged  from  a few  thousand  pounds  of  hydrocarbon  to  more  than  100,000 
pounds,  but  there  was  no  visible  relationship  between  the  size  of  the 
spill  and  any  tendency  to  deflagration  vs.  detonation.  No  clear  trigger 
mechanism  for  detonation  was  identified,  either:  two  of  the  cases  were 

attributed  to  burning  under  confinement;  another  is  thought  to  have  been 
a case  of  burning  to  detonation  in  the  open;  and  the  other  case  is 
thought  to  have  been  initiated  by  the  shock  wave  from  an  exploding  diesel 
engine . 

Probably  neither  the  upper  nor  the  lower  end  of  the  damage  spectrum 
has  been  found.  The  largest  spill  on  which  a report  was  found  was 
approximately  100,000  pounds,  which  is  still  far  less  than  the  half 
million  or  so  barrels  of  LNC  carried  by  some  of  the  larger  ocean-going 
tankers.  Calculations  by  Burgess  et  al.  (39]  offer  hope  that  flammable 
spill  clouds  may  have  a maximum  size  limited  in  each  case  by  diffusion 
and  mixing  rates;  but  the  maximum  blast  possible  — if  there  really  is 
such  a limit  — has  not  been  established.  At  the  other  end  of  the  scale, 
small  spills  have  received  little  study  because  they  do  little  damage; 


(39]  Burgess,  D.,  J.N.  Murphy,  M.G.  Zabetakls,  and  H.E.  Perlee.  Volume 
of  f leasable  mixture  resulting  from  the  atmospheric  dispersion  of 
a leak  or  spill.  To  be  submitted  to  the  Fifteenth  Symposium  (Inter- 
national) on  Combustion,  The  Combustion  Institute,  1974. 
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and  there  is  a widespread  feeling  that  many  of  then  are  never  even  re- 
ported at  all. 

It  nay  be  that  the  overwhelming  majority  of  all  spills  fall  to 
ignite.  That  would  be  consistent  with  the  reluctance  of  chemical  plant 
operators  to  Install  pilot  lights  to  Insure  the  immediate  Ignition  of 
spills  and  to  prevent  the  growth  of  vapor  clouds,  but  data  on  the  point 
are  not  at  hand. 

Devastation  is  Never  Total 

One  of  the  most  striking  features  of  aerial  photos  of  disaster  areas 
such  as  Crescent  City  (Case  F.9)  or  Decatur  (Case  F.3)  is  the  apparent 
normalcy  of  the  scene.  Houses  and  coanercial  buildings  all  look  Intact, 
automobiles  are  parked  normally  all  along  the  streets,  trees  and  shrub- 
bery look  untouched,  and  no  smoke  or  flame  is  in  evidence.  Using  high 
magnification,  one  can  see  broken  windows  and  an  occasional  wrinkled 
roof;  but  one  has  to  look  hard.  Damage  there  surely  is,  but  the  community 
is  not  destroyed  as  it  is  by,  say,  a tornado. 

Moreover,  most  of  the  damaged  buildings  are  repairable  at  relatively 
minor  cost.  In  fact,  they  typically  get  repaired,  and  the  people  go  on 
living  in  them.  Even  in  Decatur,  where  67  residences  were  posted  as 
unsafe,  90Z  of  the  damage  was  termed  "minor."  It  was  typified  by 
broken  windows  and  loose  ceiling  tiles,  not  by  collapsed  buildings. 

The  damage  that  does  occur  is  distributed  very  unevenly.  One  house 
will  suffer  severe  structural  damage  while  the  adjacent  house  is  vir- 
tually untouched.  Some  windows  in  a given  wall  will  be  broken,  whereas 
others  in  the  same  wall  are  Intact,  even  deep  within  the  general  window 
breakage  zone.  The  damage  counts  and  the  claim  maps  do  not  give  a clear 
picture  of  this,  because  they  concentrate  on  the  damaged  buildings  and 
do  not  list  the  much  larger  numbers  of  essentially  undamaged  buildings 
intermingled  with  them. 

The  spottiness  of  blast  damage  is  a puzzling  but  typical  feature  of 
explosions.  It  does  not  seem  to  be  due  to  variations  in  the  strength  of 
the  structures,  but  rather  to  random  fluctuations  in  the  strength  of  the 
advancing  blast  wave  front.  No  one  has  yet  modeled  that  in  detail. 

There  Is  Seldom  Severe  Blast  Damage  Beyond  Half  a Mile 


For  spills  of  up  to  about  100,000  pounds  of  fuel,  there  appears  to 
have  been  little  severe  blast  damage  at  distances  of  more  than  about 
half  a mile: 


Case  No. 

Approximate  amount 
of  fuel  spilled 

Approximate 
limit  of  severe 
blast  damage 

Location 

F.  2 

5,000 

lb.  ethylene 

1500  feet 

Longview,  Texas 

F.4 

27,000 

lb.  vinyl  chloride 
monomer 

1500  feet 

Climax,  Texas 

F.l 

100,000 

lb.  cyclohexane 

1/4  mile 

FHxborough,  England 

F.5 

100,000 

lb.  propylene 

1/2  mile 

East  St.  Louis,  Illinois 

F.3 

117,000 

lb.  propane 

1/2  mile 

Decatur,  Illinois 

F.6 

130,000 

lb.  propane 

2 miles 

Franklin  County,  Missouri 
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The  exception  of  Case  F.6  was  a rare  detonation  rather  than  the  usual 
deflagratlve  blast,  and  it  Is  the  only  case  of  Its  kind  so  far  known. 
Since  It  did  happen,  two  miles  night  be  taken  as  a more  conservative 
limit;  but  half  a mile  Is  the  more  typical  limit.  Another  exception  is 
the  occurrence  of  caustics  — the  focusing  of  blast  waves,  by  atmospheric 
lnhonogeneltles  such  as  temperature  inversions,  back  down  into  an  anom- 
alous area  of  severe  damage  well  outside  the  general  area  of  severe 
damage.  However,  caustics  are  usually  an  order  less  severe  than  the 
central  damage  area,  and  they  do  not  seriously  invalidate  the  general- 
isation. 

Since  the  data  are  few,  the  above  conclusion  should  be  reviewed  in 
the  light  of  each  new  incident  as  it  occurs.  One  should  also  keep  in 
mind  Burgess'  point  [40]  that  the  size  of  a flammable  or  detonable 
cloud  is  a stronger  function  of  wind  and  weather  than  it  is  of  the  size 
of  the  spill.  Nevertheless,  the  severe  blast  damage  actually  observed 
in  actual  explosions  has  usually  not  exceeded  about  half  a mile.  The 
half  mile  damage  limit  may  not  hold  for  the  more  destructive  detonative 
combustion  cases. 

The  Central  Fireball  is  Deadly 

All  the  cases  studied,  plus  a number  of  others  which  were  not 
detailed  enough  for  inclusion  here,  featured  an  enormous  fireball  which 
may  or  may  not  have  been  accompanied  by  a blast . In  several  cases 
(notably  Cases  F.13  and  F.14),  people  were  enveloped  in  the  fireball, 
and  they  were  almost  always  killed.  The  few  who  survived  were  severely 
burned.  Buildings  which  were  enveloped  in  such  fireballs  were  ignited 
and  usually  burned  to  the  ground.  Fence  posts  and  telephone  and  power 
poles  were  charred,  and  wires  were  melted. 

The  fireballs  also  radiate  enormous  amount  of  thermal  energy  and 
can  ignite  fires  hundreds  of  feet  beyond  their  edges.  Report  after 
report  tells  of  firemen  severely  burned  or  farced  to  seek  shelter  hun- 
dreds of  feet  from  fireballs,  and  a firemen’s  training  film  cited  in 
Case  F.ll  warns  that  firemen  have  died  from  burns  received  as  far  away 
as  250  feet  from  large  fireballs.  In  Case  F.8,  paint  was  blistered  600 
feet  from  a fireball.  In  Case  F.12,  the  paint  on  a fire  truck  was 
scorched  and  plastic  light  components  were  warped  300  to  450  feet  from 
a fireball,  and  a bystander  was  burned  600  feet  from  the  fireball.  In 
Case  F.10,  a fireman  1600  feet  from  a fireball  had  to  stop  work  and 
cover  his  head  with  his  coat. 

It  has  sometimes  been  anticipated  that  "flash  fires"  in  stoichio- 
metric fuel-air  clouds  would  be  so  evanescent  that  little  if  any  damage 
or  injury  would  result  from  them.  This  study  cannot  address  that  point, 
but  the  real  vapor  cloud  fires  analyzed  in  this  study  all  exhibited 
Intensely  hot,  deadly,  central  fireballs.  It  would  appear  that  such  a 
fireball  is  an  inherent  feature  of  any  spill  large  enough  to  cause 


[40]  Burgess , D.G. , and  M.G.  Zabetakis.  Detonation  of  a Flammable 

Cloud  Following  a Propane  Pipeline  Break  — the  December  9,  1970 
Explosion  in  Port  Hudson,  Missouri.  U.S.  Bureau  of  Mines , Washington,  D.C., 
1973.  Report  No.  RI  7752. 
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concern.  A a Burgees  has  illustrated  In  soem  data*  (401 » the  vapor 
cloud  froa  e lerge  fuel  spill  should  consist  of  three  concentric  sones: 
an  Inner  cone  too  rich  to  bun,  s shell  wherein  the  composition  Is  within 
the  upper  ant'  lower  f leasable  or  explosive  limits,  sad  the  rest  of  the 
world  where  the  composition  Is  too  lean  to  burn.  Ignition  could  occur 
only  within  the  f loanable  shell,  and  the  flans  would  travel  outward  to 
the  lean  Halt  and  inward  to  the  rich  limit.  At  the  rich  limit,  the 
flame  would  stop  and  continue  to  burn  there  as  a diffusion  flame  at  the 
interface  between  the  rich  cloud  and  fresh  air  brought  in  by  turbulence. 
Fireballs  do  form.  The  cloud  of  heated  gas  would  be  expected  to  rise 
like  a balloon,  and  fireballs  have  been  reported  with  heights  of  up  to 
1,000  feet  (Case  F.9). 

In  the  context  of  the  VM»the  combustion  of  that  portion  of  the  vapor- 
air  cloud  premised  between  flaamable  limits  is  modeled.  However  the 
turbulent  diffusion  flame  resulting  from  the  combustion  of  the  rich  por- 
tion of  the  cloud,  which  is  believed  to  produce  the  deadly  fireball,  is 
not  treated  at  present  in  the  VM.  This  phenomenon  is  extremely  complex 
and  to  be  modeled  would  have  required  more  time  and  resources  than  were 
available.  Furthermore  the  great  damage  potential  of  this  mechanism,  as 
indicated  herein,  was  not  known  at  the  time  that  the  fire  and  explosion 
models  were  formulated. 

A Firestorm  May  Follow  a Large  Gas  Explosion 

In  World  War  II,  one  of  the  most  fearsome  effects  of  firebomb ings 
was  the  widespread  firestorm  which  sometimes  ensued.  A ground  fire  of 
sufficient  extent  creates  an  overwhelming  updraft  which  draws  in  high 
winds  from  all  directions.  The  resulting  flaming  whirlwind  depletes  the 
oxygen  of  the  air,  and  it  is  said  that  more  people  died  from  suffocation 
than  from  burns  in  World  War  II  f irebomblngs. 

Something  of  that  sort  happened  in  Case  F.6.  "In  the  seconds  fol- 
lowing detonation,  a firestorm  was  observed  to  'roll*  in  a generally 
east  to  west  direction  — up  the  sloping  terrain  toward  [the]  highway" 
[40].  A footnote  explained  "firestorm"  as:  "That  is,  a diffusion  flame 

with  very  high  winds  which  consumed  the  remainder  of  the  propane." 

In  a sense  of  course,  every  billowing  fireball  is  a small  fire- 
storm; but  we  are  talking  here  about  the  much  worse  area  firestorm 
that  results  from  the  coalescing  of  many  fireballs  or  the  burning  of  a 
very  large  vapor  cloud.  Case  F.6  is  the  only  example  encountered  wherein 
a firestorm  was  specifically  mentioned;  but  it  was  also  the  largest  fuel 
spill  encountered,  and  the  incidence  of  firestorms  would  be  expected  to 
Increase  with  the  size  of  the  spill.  Thus  an  Increase  in  spill  size  may 
change  the  possible  class  of  events  that  follow  from  a spill,  rather  than 
just  changing  key  parameters  in  a fixed  set  of  consequences. 

Exploding  Tank  Segments  Can  Fly  up  to  Half  a Mile 

If  an  accident  Involves  liquefied  fuel  gas  tanks  enveloped  in  a 
fire,  still  another  hazard  mechanism  exists:  the  Internal  pressure  in 

the  tanks  builds  up  to  the  bursting  point,  and  the  tanks  rupture  ex- 
plosively. They  not  only  then  release  enormous  quantities  of  hot  gas 
to  make  a fireball,  but  the  tank  segments  fly  off  like  rockets  for 
distances  up  to  half  a mile,  inflicting  Impact  damage  where  they  land 
and  setting  new,  spot  fires  there.  In  Case  F.9,  exploding  LPG  tankcars 
hurled  blazing  segments  up  to  1750  feet  into  the  heart  of  Crescent  City 
where  they  smashed  buildings  and  set  fires.  In  Case  F.10,  the  same 
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thing  happened  in  the  center  of  Laurel,  Mississippi.  It  happened  in  the 
single-tanktruck  fire  of  Case  F.12  on  the  New  Jersey  Turnpike.  The  over* 
pressure  safety  valves  on  such  tanks  are  not  adequate  to  relieve  the 
excess  pressure  and  prevent  the  explosions.  It  is  truly  a rocket  effect; 
long,  cylindrical,  tank  segments  fly  farther  than  shorter  segments  and 
much  farther  than  random  fragments  hurled  by  the  rupture  explosion. 

This  hazard  is  an  important  one,  because  such  tanks  are  to  be  ex- 
pected where  gaseous  fuels  are  being  handled.  The  effect  where  a tank 
hits  is  comparable  to  that  from  wartime  demolition  and  incendiary  bombs. 

1.3  Data  Gaps 

This  study,  although  instructive,  has  raised  as  many  questions  as  it 
has  answered.  One  wants  more  detail  on  the  cases  analyzed,  one  wants 
more  cases,  and  one  wants  information  on  larger  explosions  and  on  marine 
spills. 

The  case  studies  found  in  this  survey  have  typically  had  dis- 
appointingly little  detail  on  damages  and  injuries.  They  have  been  heavy 
on  the  dollar  value  of  damages  and  on  numbers  of  deaths,  because  those 
data  fulfilled  the  purposes  for  which  they  were  made;  but  they  have  been 
relatively  light  on  the  fine  details  needed  to  break  new  ground  in  the 
understanding  of  explosion  effects.  The  more  recent  case  studies  — 
particularly  those  by  the  National  Transportation  Safety  Board  — have 
contained  more  detail  as  awareness  of  its  value  has  emerged;  but  one 
needs  much  more  yet.  One  can  find  map  plots  of  buildings  made  unsafe, 
for  example;  but  one  also  needs  to  know  just  what  kind  of  damage  made 
each  one  unsafe,  and  which  side  of  the  house  faced  the  blast.  One  also 
needs  to  know  the  condition  of  the  adjacent  houses  which,  being  unmen- 
tioned, were  presumably  not  much  damaged.  One  needs  an  actual  count  of 
broken  windows,  house  by  house  and  street  by  street.  One  needs  to  know 
how  many  houses  were  in  a given  area  as  well  as  how  many  were  damaged. 

One  needs  similar  detail  on  Injuries. 

Much  of  this  detail  is  gone  forever,  but  much  of  it  could  still  be 
reconstructed  by  sifting  through  raw  insurance  and  newspaper  archives,  by 
study  of  the  stacks  of  record  photographs  which  were  made  in  some  cases 
and  of  city  maps,  and  by  field  work  at  the  explosion  site.  Such  in- 
depth  studies  were  far  beyond  the  resources  provided  for  this  program. 

One  wants  more  cases,  to  test  the  tentative  conclusions  drawn  from 
the  ones  analyzed,  and  yet  the  data  scatter  seen  thus  far  make  one 
doubt  the  value  of  simply  more  of  the  same.  There  are  more  industrial 
explosion  cases  sitting  in  people's  files,  but  their  collection  is  not 
strongly  recommended  unless  they  can  be  studied  in  much  greater  depth 
than  was  possible  on  this  program. 

One  would  like  data  on  larger  explosions  (both  deflagrative  and 
detonative  explosions).  This  study  found  and  analyzed  explosions  of  up 
to  100,000  pounds  of  fuel  (about  50  HT  ^ 83  m3),  but  data  on  a million- 
pound  blast  resulting  from  a spill  would  add  perspective  (1  million 
pounds  * 500  MT  • 830  m3).  Theoretical  considerations  suggest  that  the 
blast  damage  would  by  no  means  Increase  proportionately,  but  the  point 
needs  confirmation. 
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On*  would  like  date  on  spills  which  did  not  result  in  ignition, 
because  they  ought  to  contain  clues  on  how  to  prevent  Ignition.  Such 
events  ere  not  major  accidents,  of  course,  and  seldom  get  much  attention. 
The  unlgnlted  Pensacola  spill  of  hot  cyclohexane  is  e fortunate  ex- 
ception in  that  some  detail  was  recorded  and  in  its  frightening  similarity 
to  the  Flixborough  spill  which  did  ignite.  It  would  probably  repay 
deeper  study  even  at  this  late  date.  One  would  also  like  to  know  — if 
only  for  perspective  — how  many  nondlsastroua  spills  there  are  per  year 
in  comparison  to  the  number  of  disastrous  ones. 

Further  Studies  that  Appear  Worthwhile 

Although  there  are  more  industrial  and  transportation  explosion 
cases  which  could  be  collected,  a further  canvass  is  not  strongly  recom- 
mended. The  chances  are  that  they  would  just  be  more  of  the  same  and 
would  not  add  greatly  to  the  picture.  It  would  be  far  more  productive 
to  go  back  and  reinvestigate  selected,  already  identified  accidents  in 
much  greater  detail,  and  the  following  cases  are  recommended. 

• The  June  1974  cyclohexane  explosion  at  Flixborough 

This  explosion  is  fresh  enough  that  it  is  still  under 
intensive  study,  and  much  of  the  physical  evidence  is  still 
available.  It  is  one  of  the  largest  disasters  in  terms  of 
dollar  value  of  damage,  and  it  offers  an  unusually  dense  grid- 
work  of  damage  effects  to  indicate  ranges  of  effects.  It  is 
uniquely  instructive  in  that  it  appears  to  have  involved  a 
rare  open-air  detonation,  and  in  that  it  can  be  compared  to  an 
almost  exactly  similar  spill  that  did  not  ignite.  The  European 
investigation  appears  to  be  impressively  thorough  and  would 
provide  an  unusually  complete  picture. 

• The  July  1972  propane  explosion  in  Decatur,  Illinois 

This  explosion  is  still  under  investigation  by  the  National 
Transportatirn  Safety  Board,  and  their  file  of  observations  and 
photographs  is  unusually  extensive.  It  is  fresh  enough  that 
local  memories  and  records  will  still  be  vivid  and  accurate  for 
still  more  detail.  It  is  accessible  for  on-the-scene , street- 
by-atreet  review  of  the  patterns  of  damage  and  injuries.  Oc- 
curring as  it  did  in  a densely  built,  urban  area,  it  offers  a 
rich  lode  of  damage  data  with  valid,  side-by-side  comparisons 
available. 

• The  1944  LNG  spill  in  Cleveland,  Ohio 

This  accident  is  thirty  years  old,  so  there  is  nothing 
fresh  about  it;  but  by  the  same  token  there  is  also  no  longer 
anything  sensitive  about  it  and  existing  data  ought  to  be 
freely  available.  Morever,  it  was  investigated  by  Zabetakis, 
of  the  Bureau  of  Mines,  which  suggests  that  the  record  will 
be  thorough  and  comprehensive.  It  is  also  of  interest  because 
it  was  a large  spill  of  LNC  in  an  urban  area. 
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• The  1969  LPG  tankcar  explosions  In  Laurel,  Mississippi 

This  accident  is  recommended  partly  because  of  the  unusually 
large  number  of  buildings  suffering  damage  and  partly  because 
of  the  existence  of  a very  tantalizing  claims  map  at  Southern 
Railways.  Two  different  kinds  of  claims  are  plotted  on  it  with- 
in a radius  of  about  five  miles,  but  no  one  was  found  who  remem- 
bered what  they  weret  The  information  could  doubtless  be  re- 
covered from  Southern's  files,  and  their  claims  office  has 
offered  generous  cooperation.  The  map  also  does  not  indicate 
the  density  of  undamaged  buildings,  but  this  too  could  readily 
be  reconstructed  from  local  information. 

2. PRIVATE  SECTOR  SAFETY  RESEARCH  AND  DEVELOPMENT  PLANS 


Literally  no  planned,  privately  sponsored,  explosion  safety 
research  and  development  programs  were  found  in  the  course  of  this 
survey.  The  study  was  not  exhaustive  of  course,  but  five  of  the  largest 
fuel  and  chemical  companies  were  included,  and  four  major  R&D  companies 
who  have  been  actively  attempting  to  market  such  programs  were  included ; 
and  it  is  unlikely  that  so  large  a sample  would  fail  to  uncover  any 
significant  programs  under  consideration.  Respondents  interviewed  on 
the  point  Included: 

Fuel  and  chemical  companies  and  associations: 

• Exxon  Chemical  Company  USA 

• El  Paso  Algeria  Company 

• Institute  of  Gas  Technology 

• Texas  Eastman  Company 

• Monsanto  Company 

R&D  companies: 

• Calspan  Corporation 

• Science  Applications,  Inc. 

• Systems,  Science  and  Software 

• Aerotherm-Acurex  Corporation 


Some  commercial  companies  have  been  contemplating  safety  R&D  pro- 
grams, but  their  managements  are  currently  taking  the  position  that 
safety  R&D  is  not  a proper  unilateral  activity.  They  point  out  that  any 
useful  results  therefrom  would  be  instantly  shared  with  the  community 
rather  than  being  used  to  advance  the  company's  competitive  Interests, 
and  that  therefore  such  R&D  Is  not  a proper  use  of  funds  derived  from 
one  company's  earnings.  In  the  same  breath,  though,  they  go  on  to  say 
that  they  would  consider  joining  in,  and  contributing  to  the  funding  of, 
multicompany  safety  R&D  programs,  perhaps  at  the  trade  association 
level . 
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There  is  precedent  for  such  joint  R&D.  Trade  associations  such 
as  the  American  Gas  Association  and  the  American  Petroleum  Insitute  have 
sponsored  R&D  on  common  problems,  using  members'  funds,  for  many  years, 
and  their  work  is  well  known.  There  are  less  formal  associations,  too. 

For  example,  an  Ad  Hoc  Committee  of  25  major  chemical  companies  was  formed 
in  1971  under  the  leadership  of  W.  H.  Doyle,  then  of  Factory  Insurance 
Association  and  since  retired,  to  support  work  on  the  effect  of  water 
sprays  on  the  burning  of  flammable  gases . This  work  has  been  completed 
and  will  soon  be  published,  probably  first  at  an  AIChE  Loss  Prevention 
Symposium.  Two  members  of  the  Steering  Group  were  interviewed  by  the 
writer;  and  it  is  the  writer's  opinion  that  this  Ad  Hoc  organization, 
or  one  descended  from  it , could  be  induced  to  support  additional  safety 
R&D,  given  some  meritorious  proposals  and  assurance  of  broad  partici- 
pation. 

Ideas  for  safety  R&D  abound.  A detailed  report  on  ideas  which  have 
not  crystallized  into  plans  is  beyond  the  scope  of  this  study,  but  they 
include  the  following. 

• Modeling  of  the  formation  and  diffusion  of  gas  clouds. 

e Modeling  of  deflagrative  explosions. 

• Determination  of  the  TNT  equivalent  of  large  gas  explosions. 

• Study  of  cloud  control  and  flame  suppression. 

• Study  of  ignition  limits  and  extinguishants . 

• Analysis  of  gas  container  vulnerabilities. 

• Modeling  of  fireballs  and  radiation  fluxes. 

• Development  of  pool  fire  models. 

• Study  of  transition  from  deflagration  to  detonation. 

• A more  quantitative  understanding  of  caustics. 

• Study  of  the  electrostatic  ignition  of  gas  clouds. 

• Study  of  flame  arrestors. 

• Research  on  atmospheric  stability  factors. 

• Research  on  maximum  cloud  and  fireball  size. 


In  the  course  of  the  present  study,  the  writer  was  shown  a number 
of  proposals  and  capability  documents  on  the  above  subjects.  They  were 
mostly  "not  for  citation''  and  none  of  them  was  scheduled  for  early 
implementation . 

The  American  Gas  Association  has  a recommended  plan  based  on  an 
industry-wide  poll  of  LNG  research  needs,  both  foreign  and  domestic. 

It  recommends  over  $5  million  In  safety  R&D.  A detailed  analysis  of  the 
plan  is  beyond  the  scope  of  this  study,  but  the  chart  that  follows 
illustrates  its  general  outlines. 
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AGA  LNG  Research  Plan.  (After  Sarkes  [41]) 


T1*®  Pl®n  Is  available  from  AGA,  and  a review  of  it  was  published  at  the 
Pourth  International  Conference  on  Liquified  Natural  Gas  in  Algiers  on 
24-27  June  1974  (41). 

With  research  ideas  aplenty  and  with  potential  co-sponsors  not 
unwilling  to  participate  on  a team  basis,  what  is  mainly  needed  is  some 
leadership  and  the  selection  of  a limited  number  of  specific  projects. 
Some  seed  funding  would  probably  be  needed  to  attract  industrial  funding, 
but  the  most  pressing  need  is  for  organization. 


(41]  Sarkes,  L.A.  A survey  of  LNG  technological  needs  in  the  USA  - 1974 
to  beyond  2000.  Presented  at  the  Fourth  International  Conference  on 
Liquified  Natural  Gas,  Algiers,  24-27  June  1974. 
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RESPONDENTS  INTERVIEWED 


[\  

The  following  individuals  and  organizations  were  canvassed  and 

| interviewed  as  to  their  accident  experiences  and  R&D  plans, 

e Exxon  Company  USA,  Houston,  Texas 

f Personal  visit.  Discussion  of  gas  spills  In  Exxon  facilities  and 

possible  R&D  programs. 

• El  Paso  Algeria  Corporation,  Houston,  Texas 

Telephone  interview;  a visit  could  not  be  scheduled  due  to  host's 
travel  commitments.  No  spill  Incidents  on  record  and  no  R&D  plans. 

• LP  0 as  Administration,  Oklahoma  City,  Oklahoma 

Personal  visit.  Search  through  files  of  investigations  of  local 
gas  spills  and  resulting  fires  and  explosions. 

e Monsanto  Company,  St.  Louis,  Missouri 

Personal  visit.  Discussions  of  cyclohexane  spills  like  Fllxborough, 
spread  of  gas  clouds,  and  ad  hoc  committee  safety  R&D. 

| e Professor  Roger  Strehlow,  University  of  Illinois 

! Personal  viHit.  Discussions  of  East  St.  Loul9  and  Decatur  explosions, 

I NT  t studies,  calculation  of  TNT  equivalents  and  further  information 

sources. 

e Institute  of  Gas  Technology,  Chicago,  Illinois 

Telephone  interview,  following  a visit  to  the  Washington  office. 

A Chicago  visit  could  not  be  scheduled.  No  accidents  on  record 
\ and  no  R&D  plans. 

H 

| s • Texas  Eastman  Company,  Longview,  Texas 

Personal  visit.  Discussions  of  ethylene  cloud  explosions  and  water 
sprays.  Range  of  blast  damages. 

• Calspan  Corporation,  Buffalo,  New  York 

Personal  visit.  Search  of  clipping  files  of  accidents.  Discussion 
of  potential  R&D  programs. 

• Systems,  Science  & Software,  Ls  Jolla,  California 

Personal  visit,  telephone  interview  and  correspondence.  Discussions 
of  Industry  R&D  plans  and  S^  proposals.  Literature  exchange. 

• Science  Application!? , Inc.,  La  Jolla,  California 

Personal  visit  plus  an  escorted  visit  to  Enviro  Control.  Dis- 
cussion of  R&D  programs. 
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s Aero Chens  Division  of  Acurex  Corporation,  Mountain  View,  California 

Telephone  interview  plus  evening  conference  at  JANNAF-AIAA  meeting. 
Safety  RAD  proposals. 

e Bureau  of  Mines  Explosive  Research  Center,  Pittsburgh,  Pennsylvania 

Telephone  interview  plus  correspondence.  Discussions  of  gas 
explosions  and  specific  incidents.  References  to  additional 
contacts. 

e Naval  Surface  Weapons  Center,  Dahlgren,  Virginia 

Personal  visit,  with  Coast  Guard  personnel.  Discussions  of  Navy 
data  on  cloud  travel  and  instrumentation.  Introduction  of  Coast 
Guard  to  Navy  computerized  data  base. 

e Exxon  Research  and  Engineering  Company,  Florham  Park,  New  Jersey 

Multiple  telephone  interviews.  Discussions  of  explosion  in  Bayway 
facility  not  for  citation  because  in  litigation.  Discussions  of 
past  safety  R&D  on  LNG. 

e American  Gas  Association,  Washington,  D.C. 

Telephone  interview;  visit  could  not  be  scheduled.  Discussion  of 
Gas  Industry  Research  Plan  - 1974-2000. 

e National  Transportation  Safety  Board,  Washington,  D.C. 

Study  of  files  on  recent  accidents  still  under  investigation  and 
collection  of  issued  reports.  Discussion  of  characteristics  of 
accidents  and  explosions. 

e Mr.  W.  H.  Doyle,  retired,  formerly  of  Factory  Insurance  Association 

Telephone  interview;  visit  could  not  be  scheduled  in  time  available. 
Chairman  of  the  25-company,  ad  hoc  committee  tint  sponsored  the 
study  of  water  sprays. 

e Southern  Railway  System,  Washington,  D.C. 

Personal  visit.  Further  details  on  the  Laurel,  Mississippi,  tank 
car  explosions. 

c Federal  Railway  Administration,  Washington,  D.C. 

Personal  visit.  Additional  details  on  Climax,  Texas,  vinyl  chloride 
tank  car  explosion. 

e Mr.  D.  H.  Slater,  Cremer  and  Warner,  Consulting  Engineers,  London, 
England 

Correspondence.  Additional  details  on  the  Flixborough  cyclohexane 
explosion. 


The  following  additional  respondents  were  listed  for  interview,  but 
visits  could  not  be  arranged  in  the  tine  remaining  for  this  study. 

e Naval  Weapons  Center,  China  Lake,  California 
e Stanford  Research  Institute,  Menlo  Park,  California 
e Dow  Chemical  Company,  Midland,  Michigan 

e Factory  Mutual  Research  Corporation,  Norwood,  Massachusetts 
a Eglin  Air  Force  Base,  Florida 

• BuMinee  Enforcement  and  Safety  Administration,  Washington,  D.C. 

• Air  Force  Office  of  Scientific  Research,  Washington,  D.C. 

e National  Fire  Protection  Association,  Boston,  Massachusetts 

• Cities  Service  Company,  Lake  Charles,  Louisiana 
e PPG  Industries,  Lake  Charles,  Louisiana 

e Union  Carbide  Company,  South  Charleston,  West  Virginia 
e American  Petroleum  Institute,  Washington,  D.C. 
e American  Chemical  Society,  Washington,  D.C. 
e Manufacturing  Chemists  Association,  Washington,  D.C. 
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CHAPTER  10 


CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions 

The  primary  conclusion  of  this  study  is  that  the  concept  of  the 
VM  is  feasible  for  use  in  risk  analysis.  The  material  required  to 
operate  such  a model,  viz.,  the  input  data  and  the  predictive  sub- 
models, is  either  available  or  attainable.  Although  some  aspects  of 
the  aiodellng  are  not  at  the  highest  level  of  sophistication,  the  VM 
yields  results  that  appear  to  be  consistent  with  the  historical  survey 
of  actual  accidental  spills.  Technical  details  of  conclusions  drawn  from 
the  operation  of  the  VM  are  given  in  Chapters  7 and  8.  Some  of  the  more 
significant  conclusions  are  listed  below. 

a The  injuries  and  damage  resulting  from  the  detonation  of  a vapor 
cloud  are  highly  dependent  upon  the  exact  nature  of  the  air  disper- 
sion. This  dependence  upon  the  spill  characteristics  (location  of 
spill , rate  of  gas  release)  and  the  atmospheric  conditions  (temper- 
ature, wind,  stability)  is  a realistic  reflection  of  the  complexities 
of  the  actual  world  and  is  not  considered  to  be  an  Inaccuracy  or 
quirk  in  the  modeling  used. 

• The  Injuries  resulting  from  the  release  of  toxic  gas  into  the  air  are 
highly  dependent  upon  the  nature  of  the  air  dispersion,  just  as  in  the 
case  of  explosion.  This  is  a realistic  aspect  of  the  simulation. 

• In  general  the  parameters  that  are  input  to  the  VM  have  a certain 
level  of  Importance  in  determining  damage;  three  such  parameters, 
listed  in  descending  order  of  importance,  are: 

(1)  spill  size 

(2)  stability  class 

(3)  wind  speed 

\ 

\ 

o For  flamnable  and  toxic  cargoes  there  is  a spill  size  below  which 
the  VM  does  not  assess  any  damage  even  though  some  may  occur  in 
reality;  this  minor  anomaly  is  primarily  the  result  of  usiog 
in  the  VM  a grid  cell  system  of  finite  spacing. 

The  simulation  shows  that  for  each  flammable  cargo  spilled  under  a 
given  set  of  environmental  conditions,  there  is  a critical  spill  size  such 
that  spills  smaller  than  this  do  not  cause  any  damage.  This  occurs  because 
by  the  time  mass  has  gone  from  the  spill  into  the  air  in  a large  enough 
amount  to  cause  damage,  the  fuel-air  cloud  is  too  diffuse  to  ignite.  That 
is,  this  critical  size  is  that  for  which  the  evaporation  rate  is  slow 
enough  relative  to  the  dispersal  rate,  that  the  fuel  concentration  is  never 
above  the  lower  flammable  limit  except  within  a few  tens  of  meters  of  the 
spill  site.  This  aspect  of  the  simulation  is  only  qualitatively  correct. 
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In  the  real  world,  the  daaage -causing  potential  of  a spill  decreases  as  the  ■* 

spill  site  decreases,  but  it  does  not  necessarily  go  to  zero.  The  finite 

sire  of  the  grid  cells  with  their  associated  ignition  points  and  the  3 

limitations  on  the  correct  application  of  the  Phase  I submodels  only  on  ] 

geographical  scales  over  tens  of  meters  cause  the  simulation  to  predict 
zero  damage  for  spills  below  a certain  size  when,  in  fact,  a small  damage- 
causing  potential  could  be  present. 

1 

Similarly  for  each  toxic  cargo  spilled  under  a given  set  of  environmental  con- 
ditions, there  is  a critical  spill  size  such  that  spills  smaller  than  this 
are  not  capable  of  causing  significant  injury.  This  occurs  because  toxic 

material  is  dispersed  to  below  an  injurious  concentration  level  at  distances  ^ 

close  to  the  spill.  That  is,  the  evaporation  rate  is  slow  enough  relative 
to  the  dispersal  rate  so  that  the  concentration  is  never  above  the  threshold 
for  inhalation  injuries  except  within  a few  tens  of  meters  of  the  spill  site.  'A 


Recommendations  .j 

Recommendations  are  given  for  improvements  to  specific  submodels,  j 

aspects  of  submodels,  overall  model  architecture,  and  data  sources,  j 

collection,  and  analysis.  Improvements  to  the  VM  should  be  considered  in 
view  of  (1)  need,  and  (2)  feasibility.  The  need  for  an  Improvement  is  ^ 

determined  by  the  magnitude  of  changes  in  output  produced  by  making  the 

Improvement.  The  greater  the  change  effected,  the  greater  is  the  need.  ! 

The  feasibility  of  an  improvement  is  determined  by  the  facility,  both  ■ 

technical  and  financial,  with  which  the  Improvement  can  be  made.  Improve- 
ments, which  are  more  tenable  technically  and  lower  in  cost,  are  more  j 

feasible.  i 

i 

On  this  basis  recommendations  arising  from  this  study  may  be  grouped  • 

in  four  categories.  1 

< 

(1)  Recommendations  for  Improvements  of  greatest  need  without  regard  j 

to  feasibility.  These  improvements  will  have  a large  effect  on  jj 

the  output  of  the  VM.  ^ 

• \ 

(2)  Recomnendatlnns  for  Improvements  of  lesser,  but  significant,  need  j 

and  unquestionable  feasibility.  These  improvements  will  have  a 3 

significant  effect  on  the  output  of  the  VM  and  are  both  technically  j 

and  financially  feasible.  a 

i 

i 

(3)  Recommendations  for  Improvements  of  questionable  significance  or 4  5 

feasibility,  but  not  both.  These  Improvements  are  either  (1)  of  j 

significant  effect,  but  questionable  feasibility,  or  (2)  of  j 

questionable  significance,  but  unquestionable  feasibility.  ] 

(4)  Recommendations  for  improvements  of  questionable  significant?  and 

feasibility . 
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The  degree  to  which  any  of  these  iaprovcaenta  can  be  Implemented  la,  of 
course,  largely  dependent  on  the  amount  of  resources,  time  and  level  of 
effort,  that  la  allocated.  In  addition,  however,  improvements,  espe- 
cially to  specific  aspects  of  modeling  and  to  overall  model  structure, 
are  further  constrained  by  factors  inherent  to  the  VM . 

e Improvements  requiring  an  extensive  increase  in  the  amount  of 
data  input  are  undesirable  since  an  exorbitant  cost  for  data 
collection,  manipulation,  and  computer  storage  will  make  usage 
of  the  VM  Impractical. 

e Improvements  requiring  an  extensive  Increase  in  computer  running 
time  and/or  storage  requirements  will  make  operation  of  the  VM 
too  expensive  to  be  useful;  the  use  of  certain  very  accurate, 
but  costly,  finite  difference  models  is  therefore  precluded. 


Within  the  context  of  these  constraints,  recommendations  for  further 
work  to  improve  the  VM  are  listed  below. 

Reconoended  Improvements  of  Greatest  Significance: 

(1)  The  VM  will  be  modified  to  assess  deaths  and  injuries  suffered 
by  Indoor  sheltered  populations  due  to  all  relevant  damage 
mechanisms.  Consideration  will  be  given  to  the  varying  degrees 
of  snelter  afforded  by  different  types  of  structures.  For 
injury  caused  by  inhalation  of  toxic  gases,  assessment  of  injury 
to  the  Indoor  population  will  involve  considerations  of  seepage 
of  the  toxic  substance  into  structures. 

For  Injury  caused  by  explosion,  assessment  of  Injury  to  the 
indoor  populat  on  will  Involve  the  degree  of  shelter  afforded 
by  a particular  building  type  and  also  the  degree  of  shelter 
afforded  by  the  placement  of  the  people  in  the  building. 

Injury  to  persons  inside  buildings  as  a result  of  flash  fire 
or  pool  burning  is  much  less  likely  to  occur  as  a primary 
damage  mechanism  than  Injury  to  sheltered  populations  from 
explosion  or  toxic  substances. 

The  treatment  of  death  and  Injury  to  people  inside  structures 
is  feasible  and  will  have  a significant  effect  on  the  damage 
calculation  performed  by  the  VM. 

(2)  The  damage  assessment  models  should  consider  secondary  (non- 
immediate  or  not  direct)  damage  mechanisms;  for  example,  a 
spill  of  flannable  liquid  ignites  producing  a moderate  fire 
hazard,  but  this  spill-based  fire  ignites  a nearby  petroleum 
refinery  producing  fires  and  explosions  that  cause  calamitous 
damage. 
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(3)  An  effort  should  be  made  to  restructure  the  VM  and  the  re- 
required submodels  to  allow  simulation  of  phenomena  actually 
occurring  simultaneously  as  such.  Thus,  for  example,  spilling, 
evaporation,  and  air  dispersion  are  currently  modeled  as  a 
sequence  of  events,  even  though  all  three  may  happen  at  the 
same  time.  Restructuring  Phase  I of  the  VM  in  this  way  appears 
to  be  feasible,  slthough  not  necessarily  easy.  For  certain 
simulations,  a quite  different  picture  will  result  if  events 
are  modeled  simultaneously  instead  of  sequentially. 

(4)  The  movement  of  vulnerable  resource  populations  with  time  of 
day,  season  of  the  year,  and  other  factors  should  be  researched 
and  modeled  to  give  a more  realistic  description  of  the  re- 
sources at  risk.  For  example,  the  census  tract  data  currently 
used  give  low  population  densities  to  conaserclal 

etc.,  even  though  the  population  density  in  such  locations  can 
be  very  high  at  selected  times.  It  appears  to  be  feasible  to 
account  for  population  shifts  caused  by  work,  recreation,  and 
travel.  Shifting  of  the  vulnerable  resources  will,  of  course, 
strongly  affect  the  damage  assessment. 

(5)  An  alternative  to  locating  the  ignition  sources  at  discontinuous 
points  (cell  centers)  should  be  considered.  A treatment  is 
desired  which  would  consider  ignition  potential  as  a true  function 
of  area,  rather  than  the  current  treatment  which  considers 
ignition  sources  to  be  concentrated  at  the  center  of  a grid 
cell.  By  describing  ignition  sources  in  a manner  other  than 
locating  the  sources  at  discrete  sites  (the  cell  centers),  a 
more  realistic  assessment  of  time  to  ignition  and  distance 
between  Ignition  point  and  spill  may  be  obtained.  Such  a 
treatment  of  ignition  sources  is  feasible  and  is  expected  to 
have  a significant  effect  on  damage  assessment  results  by 
changing  the  time  for  Ignition. 


Recommended  Improvements  of  Definite  Feasibility  and  Significant  Need: 

(1)  The  flash  fire  should  be  modeled  so  that  damage  beyond  the 
flame  location  is  allowed.  The  calculation  of  radiation 
levels  at  locations  distant  from  the  flame  is  definitely 
feasible.  Some  sources  report  significant  damage  to  both 
personnel  and  property  at  locations  moderately  far  from  fires. 

(2)  Modeling  should  be  added  to  permit  accurate  treatment  of  sub- 
surface spills . The  release  of  cold,  soluble  chemicals 
underwater  is  of  special  interest.  Such  modeling  is  definitely 
feasible.  The  ability  to  treat  this  additional  class  of 
spills  will  enhance  the  utility  of  the  VM. 
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(3)  The  VM  should  be  modified  to  treat  the  ingestion  of  water 
containing  toxic  concentrations  of  pollutant.  Estimating  a 
specific  level  of  Injury  or  percent  of  population  Injured  is 
not  possible  since  the  quantity  and  rate  of  ingestion  are 
highly  variable  and  unpredictable.  What  is  required  is  some 
indication  of  the  toxic  hazard  presented  by  a given  concentra- 
tion of  spilled  substance.  One  possible  approach  is  to 
establish  levels  of  hazards.  The  VM  should  be  modified  to 
inform  the  user  when  and  where  these  hazard  levels  exist  in 
the  water  body.  This  modification  is  definitely  feasible  and 
will  make  the  output  of  the  VM  significantly  more  useful. 

(4)  The  VM  should  incorporate  a better  treatment  of  the  ignition 
of  structures.  A more  precise  method  to  account  for  shielding 
from  thermal  radiation  should  be  devised.  The  current  criterion 
that  25Z  of  the  structures  are  ignited  in  a cell  subject  to 
radiation  sufficient  to  cause  ignition  should  be  replaced  by 

a criterion  that  has  a variable  percentage  Ignited  and  the 
percentage  ignited  is  to  be  calculated  on  the  basis  of  physical 
principles.  This  improvement  is  feasible  and  will  significantly 
affect  the  damage  assessed  to  structures. 

(5)  Further  toxicological  considerations  are  required  so  chat 
additional  toxic  substances  may  be  treated  by  the  VM.  Since 
the  additional  toxic  substances  may  be  other  than  irritant 
gases,  the  assessment  procedures  used  for  the  added  substances 
may  differ  from  those  used  previously  for  NHo  and  Cl2>  The 
additional  toxicological  considerations  are  feasible  and  will 
enhance  the  applicability  of  the  VM. 

(6)  The  water  mixing  model  should  be  expanded  to  Include  water 
mixing  and  reaction.  Such  modeling  is  certainly  feasible, 

but  separate  models  may  be  required  for  each  class  of  reactions. 
The  Inclusion  of  this  modeling  in  the  VM  will  Increase  the 
number  of  substances  for  which  spills  can  be  simulated. 

(7)  The  capability  to  treat  spills  of  dissolvable  solids,  liquids, 
and  gases  should  be  added  to  the  VM.  The  treatment  of  sub- 
stances with  finite  solubilities  is  feasible.  The  ability  to 
simulate  substances  of  this  type  will  enhance  the  value  of 
the  VM. 

(8)  Advantages  may  result  from  treating  the  population  density  of 
vulnerable  resources  in  a continuous  rather  than  a discrete, 
cell-based  manner.  The  use  of  discrete  cells  requires  that  a 
greater  number  of  smaller  cells  be  used  in  order  to  obtain 
greater  accuracy  for  a simulation  over  the  same  geographical 
area.  Since  the  damage  simulated  is  often  highly  localized, 
only  part  of  the  detailed  data  base,  maintained  and  used  at 
considerable  cost,  is  actually  required  for  a given  simulation. 
It  is  feasible  to  treat  vulnerable  resources  in  a manner  such 
that  the  geographical  area  impacted  by  damage  is  defined  and 
the  vulnerable  resource  data  for  that  area  only  are  retrieved. 
Such  a change  in  the  treatment  of  vulnerable  resource  data 
will  make  the  VM  more  precise  and  more  efficient. 
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(9)  Computational  efficiency  nay  be  Increased  by  the  use  of  look- 
ahead techniques.  Preliminary  calculations  may  be  made  to 
estimate  the  region  impacted  by  damage  mechanism.  Detailed 
calculations  and  data  retrieved  need  only  be  performed  for 
the  region  estimated  to  be  affected.  Savings  In  computer 
time  and  cost  will  result.  Such  look-ahead  techniques  are 
certainly  feasible. 

(10)  The  VM  should  be  modified  to  model  the  heating,  rupture,  and 
release  of  pressurized  cargo  in  a fire.  These  phenomena  could 
result  in  significantly  different  damages  than  release  of  a 
cargo  without  additional  heating.  The  modeling  is  feasible. 

Recommended  Improvements  of  Questionable  Feasibility  or  Need,  But 
Not  Both: 

(1)  The  analytical  and  experimental  background  applicable  to 
"the  rolling  fireball."  The  roiling  fireball  seems  to  be 
the  very  rich,  but  gas  phase,  portion  of  a flammable  vapor 
cloud  that  results  in  a burning  process  significantly 
different  from  the  diffusion  flame  described  by  the  pool  burning 
model  or  the  combustion  of  the  premixed  cloud  described  by  the 
flash  fire  model.  The  roiling  fireball  should  be  investigated 
to  determine  whether  and  how  this  phenomenon  might  be  modeled 
because  as  suggested  by  the  historical  survey,  this  may  be 

a significant  damage  mechanism.  The  roiling  fireball  is 
distinguished  from  the  flash  fire  by:  (1)  combustion  in  the 

flash  fire  is  rapid,  compared  to  combustion  in  the  fireball; 
and  (2)  the  burning  mixture  in  the  fireball  is  rich  and  is 
supported  by  turbulent  diffusion,  whereas  the  burning  mixture 
in  the  flash  fire  is  premixed  within  flammable  limits.  It 
is  recognized  that  this  phenomenon  may  also  induce  significant 
overpressures.  Significance  is  moderate  to  great;  feasibility 
is  questionable. 

(2)  The  VM  should  be  modified  to  treat  damage  caused  by  the 
inhalation  of  toxic  combustion  products.  Although  some 
limitations  of  the  ability  to  treat  injury  from  toxic  com- 
bustion products  may  not  yield  to  analysis,  the  model  should 
be  modified  at  the  very  least  to  inform  the  user  of  the 
existence  of  this  damage  mechanism.  Significance  is  moderate; 
feasibility,  questionable. 

(3)  Injury  by  asphyxiation  should  be  addressed.  Although  an 
extensive  effort  in  this  area  is  not  envisioned,  some  means 
of  determining  the  seriousness  of  this  damage  mechanism  is 
desired.  The  assessment  approach  should  take  into  account 
the  time  varying  concentration  of  the  asphyxiant.  For  sub- 
stances which  exhibit  both  asphyxiant  and  toxic  effects  (e.g., 
dichlorodif luoromethane) , the  problem  of  combined  effects 
needs  to  be  addressed.  Significance  is  indeterminate; 
feasibility,  definite. 
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(4)  The  air  dispersion  model  should  be  made  more  realistic  by 
incorporating  the  ability  to  treat  the  arbitrary  time  variation 
of  source  strength  and  source  location.  Significance  is 
unknown;  feasibility,  definite. 

(5)  The  pool  burning  submodel  should  include  a more  realistic 
treatment  of  simultaneous  spreading  and  burning.  Feasibility 
is  definite;  significance  is  unknown. 

(6)  The  VM  should  be  modified  so  that  the  release  and  migration 
of  heavy  insolubles  on  river  beds  can  be  modeled.  Feasibility 
is  definite;  significance  is  unknown,  since  heavy  insolubles 
would  appear  to  offer  less  of  a threat  to  people  and  property 
than  other  classes  of  substances. 

(7)  The  effects  of  water  wave  action  and  of  wind  on  the  spread 
of  a surface  spill  should  be  considered.  Feasibility  is 
definite;  significance,  unknown. 

(8)  The  air  dispersion  model  should  be  extended  to  include  the 
dispersion  of  reacting  chemicals.  Feasibility  is  definite; 
significance  is  questionable,  since  spills  of  relatively  few 
cargoes  would  seem  to  result  in  the  air  dispersion  of  a 
reacting  substance. 

(9)  Air  dispersion  by  gravity  spreading  in  calms  should  be  modeled. 
Feasibility  is  definite;  significance,  unknown. 

(10)  Mlcrometeorologlcal  effects,  and  meandering  effects,  presently 
treated  analytically,  should  be  liq>lemented  in  the  computer 
models.  Feasibility  is  definite;  significance,  unknown. 

(11)  Instead  of  computing  damages  at  a given  sequence  of  cell 
centers,  techniques  capable  of  yielding  lsodamage  contours 
would  be,  in  some  respects,  more  appealing.  Feasibility  is 
definite;  significance,  unknown. 

(12)  Buoyancy  considerations  should  be  incorporated  into  the  air 
dispersion  modeling.  Feasibility  is  definite;  significance, 
unknown. 

(13)  Consideration  of  topological  features  should  be  incorporated 
into  the  air  dispersion  models.  Feasibility  is  definite; 
significance,  unknown. 

Recommended  Improvements  of  Questionable  Feasibility  and  Need: 

(1)  The  effect  of  explosion  on  the  liquid  spill  should  be  con- 
sidered; it  is  conceivable  that  streams  of  flaming  liquid 
could  be  sprayed  long  distances  by  a vapor  cloud  exploding 
over  a spill. 
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(2)  The  assessment  of  damage  from  inhalation  of  toxic  fumes  should 
consider  that  the  toxic  concentration  varies  in  space  and  time 
in  a stochastic  manner;  the  receptor  response  to  these  concen- 
tration variations  may  be  different  from  the  currently  modeled 
response  to  an  average  concentration. 

(3)  Further  consideration  should  be  given  to  the  significant  ways 

in  which  diffuse  explosions  differ  from  conventional  explosions, 
both  in  physical  characteristics  and  in  damage  phenomena. 

(4)  The  effects  of  precipitation  should  be  assessed,  and  modeled 
as  required,  for  the  air  dispersion,  surface  spreading,  and 
water  mixing  submodels. 


Recommended  Improvements  to  Data: 

The  following  are  data  items  that  may  be  available  from  investi- 
gations of  accidental  spills  and  are  useful  for  improving  the  VM 
modeling;  in  all  cases  it  is  desired  that  the  data  gathered  be  as 
precise  and  complete  as  possible.  These  recommendations  are  included 
at  the  direction  of  the  Risk  Analysis  Advisory  Board  of  the  USCG. 

I.  In  the  case  of  damage  from  toxic  materials: 

A.  Source  and  Spill  Development  Data 

1.  Chemical  and  physical  nature  of  the  spilled  substance 

2.  Quantity  spilled 

3.  Local  weather  conditions  prevailing  at  the  time  of  spill 

a.  wind  speed  and  direction  i each  as  a function  of 

b.  temperature  height,  if  available 

c.  inversion  characteristics 

d.  humidity  and  precipitation 

4.  Visual  or  photographic  observations  of  the  travel  of  a 
visible  toxic  cloud 

B.  Receptor  Data 

1.  Best  possible  estimate  of  population  at  risk 

2.  More  precise  definition  of: 

a.  nature  of  effects  on  receptors 

b.  duration  of  effects  on  receptors 
<*.  severity  of  effects 

,4.  treatment  provided  affected  receptors 

e.  state  of  health  of  receptors  prior  to  incident 

f.  age  of  receptors 

3.  Effects  on  nonhuman  receptors  - animals  and  plants 
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II.  In  Che  case  of  damage  from  fire  and/or  explosion: 

A.  Source  and  Spill  Development  Data 

1.  Chemical  and  physical  nature  of  the  spilled  substance 

2.  Quantity  spilled 

3.  Sequence  of  spillage  and  ignition 

4.  Data 

a.  wind  speed  and  direction  each  as  a function  of 

b.  temperature  ’ height,  if  available 

c.  inversion  characteristics 

d.  humidity  and  precipitation 

5.  Observations  of  cloud  sise  and  travel  before  Ignition 

B.  Receptor  Data 

1.  Damage  maps 

a.  location  of  dead  and  cause  of  death 

b.  location  of  injured  and  severity  of  injuries 

c.  location  and  severity  of  physical  damage 

2.  Extensive  photography 


Closing  Remark 

The  listing  of  such  a large  number  of  recommendations  was  Intended 
to  point  the  way  toward  areas  related  to  the  VM  for  which  additional 
effort  is  believed  to  have  the  greatest  potential  for  benefit.  This 
list  of  recommendations  is  not,  nor  is  it  intended  to  be,  an  Indictment 
of  the  VM.  To  the  contrary  the  VM,  in  this  its  first  stage  of  develop- 
ment, is  believed  to  be  a useful,  practical  tool  for  use  in  the  risk 
analysis  of  marine  spills.  Further  development  of  the  VM  will  make 
this  already  functional  tool  more  useful,  more  precise,  and  more  widely 
applicable. 
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APPENDIX  A 


PHASE  I FLOW  CHARTS  WITH  NARRATIVE 


This  appendix  described  Che  Phase  I Vulnerability  Model  (VM)  flow  diagrams. 
In  general,  available  submodels  from  HACS  are  used  wherever  possible.  Where 
submodels  are  still  to  be  developed,  they  are  so  indicated. 

The  Inadvertent  release  of  all  or  a portion  of  a hazardous  cargo  is 
characterized  by  many  quantities,  most  of  which  are  listed  in  the  attached 
symbol  list.  In  addition,  many  quantities  describing  the  ambient  air 
and  water  conditions  oust  be  given.  The  cargo  may  be  either  solid,  liquid, 
or  gas,  or  a combination  of  gas  and  liquid.  (This  last  condition  will 
usually  be  the  case  for  a tank  containing  a fluid  under  pressure  or  at 
reduced  temperature  or  both.)  The  puncture,  rupture  or  vent  may  occur 
above  or  below  the  water  line,  so  we  must  consider  the  possibility  that 
the  cargo  will  escape  in  three  different  phases  and  that  it  may  escape 
into  air  or  into  water. 

Because  of  their  extremely  rare  occurrence,  the  following  possibilities 
are  not  considered. 

1.  A fluid  cargo  is  being  transported  at  less  than  ambient  air 
pressure. 

2.  The  fluid  cargo  is  such  that  it  changes  to  the  solid  state 
(freezes)  upon  contact  with  ambient  conditions  (air  or  water). 

3.  The  cargo  is  lighter  than  air  in  its  liquid  or  solid  phases. 

Because  the  vent  will  almost  always  be  within  15  m of  the  water  surface 
(i  z)  we  assume  the  following: 

a.  For  the  case  of  a gas  venting  into  water,  no  significant  advection 
by  the  current  will  occur  before  the  gas  reaches  the  water  surface.  (This 
assumption  is  reasonable  because  the  rise  of  the  gas  to  the  water  surface 
will  be  very  fast  compared  to  the  advection  processes  being  considered.) 

b.  For  the  case  of  a liquid  venting  into  air,  no  significant  advection 
by  the  wind  will  occur  before  the  liquid  reaches  the  water  surface,  and  no 
significant  evaporation  of  the  cargo  will  occur  in  the  time  it  takes  the 
liquid  to  reach  the  water  surface.  (This  assumption  is  also  reasonable 
because  of  the  relatively  short  time  required  for  the  liquid  to  fall  to 

the  surface.  The  exception  would  be  a rupture  in  a tank  ho’ding  a liquid 
cargo  under  pressure,  which  results  in  a fountain  of  the  liquid  cargo, 
directed  upwards.  This  is  extremely  unlikely,  however,  as  a rupture  in 
the  top  of  the  tank  will  result  in  the  escape  of  the  cargo  in  gaseous  form 
in  virtually  every  case,  and  a rupture  in  the  side  of  the  tank  below  the 
gas-liquid  interlace  would  result  in  a fountain  directed  primarily  in  the 
horizontal  direction.) 
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The  flow  chart  Is  entered  at  the  top  of  chart  1,  at  "SPILL".  The 
first  thing  that  must  be  done  Is  to  enter  the  many  quantities  needed  to 
describe  the  cargo,  vessel  location,  ambient  conditions  and  the  puncture 
or  rupture.  For  some  common  cargoes,  the  physical  and  chemical  properties 
such  as  critical  point  temperature,  viscosity,  concentration  at  lower 
flammability  limit,  and  molecular  weight  may  be  obtained  from  the  HACS 
Properties  File.  But  other  quantities  such  as  the  temperature,  pressure 
and  amount  of  the  cargo  will  have  to  be  supplied  by  the  user  The  differ- 
ence between  the  two  types  of  information  needed  is  distinct.  The  properties 
of  a cargo  are  inherent,  and  will  not  change  from  spill  to  spill,  so  they 
may  be  stored  in  the  computer  memory  once  and  recalled  when  needed.  The 
quantities  which  the  user  must  supply  each  time  are  -.nose  which  may  vary 
with  the  spill,  such  as  location  of  the  spill,  size  of  the  vent,  and  the 
ambient  conditions. 

With  this  information  available,  the  first  task  is  the  calculation  of 
the  rate  of  escape  of  the  cargo,  and  the  phase  of  the  cargo  which  escapes. 

For  a tani  containing  both  gas  and  liquid  phases,  the  height  of  the  vent 
zv  would  have  to  be  compared  with  the  height  of  the  phase  change  of  the 
gas-liquid  Interface  zpc*  Further,  if  the  vent  is  located  below  this 
interface,  the  escaping  cargo  may  change  from  liquid  to  gas  when  sufficient 
cargo  has  escaped  to  lower  the  interface  level  to  the  vent  level.  Generally 
the  vent  or  puncture  area  will  be  given,  and  the  rate  of  release  calculated, 
but  the  user  may  stipulate  an  instantaneous  release.  A solid  spill  must  be 
assumed  to  be  instantaneous  at  this  time,  as  there  is  no  extant  subroutine 
to  calculate  rate  of  a solid  spill.  For  liquids  and  gases,  the  HACS/CHRIS 
model  is  being  used.  This  model  takes  the  tank  walls  to  be  either  isothermal 
or  adiabatic,  and  for  the  venting  of  a gas,  the  subroutine  uses  either 
choked  (sonic  flow)  or  unchoked  (subsonic  flow)  equations  as  appropriate. 

At  this  point  it  might  be  mentioned  that  the  tie-points  1 through  8 
represent  intermediate  conditions,  which  might  be  called  meta-stable  states. 
The  cargo  may  exist,  of  course,  in  three  phases  or  states  — gas,  liquid 
or  solid.  Since  cargo  spills  upon  land  are  outside  the  scope  of  this  study, 
the  cargo  can  be  in  the  air,  in  the  water,  or  it  can  occupy  space  at 
the  interface  between  the  air  and  the  water.  This  last  case  is  considered 
worthy  of  separate  treatment  because  the  spread  of  the  cargo  will  be  sig- 
nificantly different  in  this  case  than  it  will  in  the  other  two  cases.  The 
three  cargo  phases  and  the  three  locations  lead  to  nine  possible  combinations, 
but  the  case  where  a gaseous  cargo  is  in  the  water  is  considered  too 
transient.  This  first  chart,  then,  treats  the  escape  of  the  cargo  and 
its  rapid  transition  to  one  of  the  eight  intermediate  states.  The  states, 
represented  by  tie-points  1 through  8,  are  not  necessarily  the  final  dis- 
position of  the  cargo,  but  states  in  which  the  cargo  remains  for  several 
minutes  at  least.  This  is  long  enough  that  transport  of  the  cargo  by 
diffusion,  the  wind,  or  the  current  must  be  considered.  The  processes 
on  chart  1,  on  the  other  hand,  generally  take  place  in  several  seconds,  so 
that  advection  during  this  period  may  be  ignored  at  this  time. 

GASEOUS  RELEASE 

For  the  case  where  all  or  part  of  the  escaping  cargo  is  in  the  gaseous 
phase,  the  flow  diagram  on  chart  1 is  followed  to  the  left,  to  point  Gl, 
whe^e  different  paths  are  followed  depending  upon  whether  the  vent  is  above 
or  below  the  water.  In  the  former  case,  at  G2  we  determine  whether  some 
of  the  escaping  gas  will  condense  to  the  liquid  phase,  forming  a mist  or 
fog  comprised  of  droplets  of  the  cargo. 
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The  escaping  gas  has  been  assumed  to  have  expanded  to  the  ambient  'ir 
pressure,  Pa,  by  a throttling  process,  without  mixing  with  the  air.  If 
the  gas  is  considered  to  be  a perfect  gas,  in  such  a throttling  process 
the  final  temperature  of  the  gas  is  the  same  as  its  initial  temperature, 
and  the  expanded  gas  will  be  superheated  and  dry.  The  gas  at  the  edge  of 
the  cloud  will  soon  come  to  equilibrium  with  the  air  temperature,  however, 
and  condensation  of  the  ca~go  will  occur  there  if  the  vapor  pressure  of  the 
cargo  at  the  ambient  air  temperature  is  less  than  the  air  pressure,  that  is,  if 
Pvc(Ta)<  Pa- 

If  it  is  determined  that  liquid  drops  of  the  cargo  form  a mist,  the 
portion  of  the  cargo  in  each  phase  is  calculated  (at  G3) , and  for  each 
quantity  one  proceeds  to  specific  models  through  tie-points  1 and  3.  In 
the  case  that  no  mist  forms,  all  the  escaped  cargo  is  in  vapor  form,  and 
at  G4  It  is  asked  whether  the  gaseous  cargo  is  heavy  enough  so  that  it 
mixes  only  slightly  into  the  air  and  primarily  floats  upon  the  water 
surface.  This  is  an  unlikely  case,  but  it  is  possible  for  exotic  gases 
or  for  very  cold  gases.  If  che  gas  mixes  with  air,  we  proceed  to  chart  2 
through  tie-point  1.  If  the  gas  is  very  dense,  one  proceeds  to  chart  3 
through  tie-point  2. 

Returning  to  Gl,  in  the  case  where  the  gas  is  escaping  below  the  water 
line  of  the  vessel,  at  G5  we  calculate  the  amount  of  the  escaping  cargo 
which  goes  into  solution  as  the  gas  bubbles  rise  to  the  surface.  The  portion 
going  into  solution  13  treated  as  liquid  in  water,  through  tie-point  4 to 
chart  5,  and  the  portion  remaining  as  a gas  escapes  to  the  surface.  For 
this  gas  at  G6,  we  ask  if  it  mixes  into  the  air  or  remains  at  the  inter- 
face, and  proceed  to  tie-points  1 or  2 accordingly,  at  in  the  case  of  an 
escape  of  gas  directly  into  the  atmosphete.  At  the  present  time,  the 
calculation  of  the  portion  of  the  cargo  going  into  solution  has  not  been 
considered,  and  we  temporarily  assume  that  all  the  escaping  gio  reaches 
the  water  surface.  It  should  be  pointed  out  that  it  is  not  possible  for 
the  water  pressure  to  force  the  escaping  gas  into  liquid  phase.  If  the 
water  pressure  outside  the  puncture  were  great  enough  to  liquify  the  gaseous 
cargo,  then  the  water  pressure  would  force  water  into  the  cargo  tank  while 
liquifying  the  cargo  in  the  tank,  and  very  little  cargo  would  escape. 

LIQUID  RELEASE 

If  the  escape  rate  calculation  indicates  that  some  or  all  of  the  cargo 
escapes  in  liquid  form,  one  proceeds  to  LI  where  the  vent  height,  zv,  is 
compared  with  the  height  of  the  water  surface,  z*0,  to  determine  whether  the 
leak  is  above  or  below  the  water.  If  the  liquid  cargo  is  escaping  into  air, 
we  assume  that  it  reaches  the  water  surface  without  advection  or  loss,  as 
discussed  above.  Next,  at  L3,  we  determine  whether  the  liquid  floats  or 
sinks.  If  it  sinks,  we  have  the  liquid  in  water  case,  and  proceed  to 
chart  5 through  tie-point  4. 

For  the  case  in  which  the  liquid  cargo  e3capes  uncerwater,  at  L4,  it  is 
asked  whether  the  cargo  floats  or  sinks.  As  in  the  case  where  the  cargo  was 
released  into  the  air,  the  original  temperature  of  the  cargo  In  the  tank  is 
used  in  calculating  the  density  of  the  cargo,  for  it  is  assumed  that  a 
spill  of  sufficient  mass  to  be  of  interest  will  rake  some  time  to  come  to 
ambient  temperature,  and  the  temperature  change  of  the  cargo  is  considered 
on  the  flow  charts  which  follow  this  first  one.  Most  cargoes  will  have  a 
density  at  least  10%  different  from  that  of  water,  but  in  the  rases  where 
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they  do  not,  the  water  temperature  and  salinity  may  be  used  to  calculate 
the  density  of  the  water  more  precisely.  If  the  liquid  cargo  sinks,  we 
again  proceed  to  tie-point  4.  If  the  cargo  floats,  one  considers  that 
case  further  through  tie-point  5. 

SOLID  RELEASE 

The  case  of  a spill  of  a hazardous  cargo  which  is  in  solid  phase  has 
been  given  a lower  priority  than  the  case  of  a cargo  in  a fluid  state. 
Therefore  many  of  the  calculation  subroutines  are  in  undeveloped  condition, 
but  the  decision  pathways  are  fairly  clear  regardless.  There  is  currently 
no  routine  available  to  calculate  the  rate  of  a solid  phase  spill,  so  it 
will  be  declared  to  be  instantaneous.  The  spill  rate  calculation  for  solid 
cargoes  may  be  developed  later  as  time  and  interest  dictate.  Since  a cargo 
consisting  of  fist-sized  chunks  will  spill  at  a very  different  rate  from  a 
cargo  consisting  of  grains  about  the  size  of  sand  grains,  the  spill  rate 
calculation  will  have  to  take  into  account  the  size  range  of  the  particles 
which  make  up  the  cargo. 

Having  decided  that  all  or  part  of  the  spill  is  solid,  at  SI  the 
decision  is  made  as  to  whether  the  puncture  is  above  or  below  the  water 
line  of  the  vessel.  If  the  cargo  escapes  into  air,  at  S2  we  wi9h  to  calculate 
how  much  of  the  cargo  is  carried  away  by  the  wind,  and  how  much  falls  to  the 
water  surface.  At  present  this  subroutine  has  not  been  designed,  so  it  is 
assumed  that  all  of  the  escaping  cargo  falls  to  the  wate  surface.  This  will 
be  Inaccurate  ''nly  for  a cargo  consisting  of  very  fine  particles  of  a light 
material  when  a high  wind  is  present. 

The  cargo  having  fallen  to  the  water  surface,  at  S3  it  is  decided 
whethe  • the  particles  float  or  sink-  One  then  proceeds  to  follow  the  case 
of  solid  in  water  in  more  detail  on  chart  8 through  tie-point  7,  or  the 
solid  on  water  surface  case  on  chert  9 through  tie-point  8.  If  the  solid 
cargo  is  escaping  below  the  water  line,  at  S4,  the  density  of  the  cargo  is 
ascertained,  and  in  the  case  that  it  sinks,  one  proceeds  to  tie-point  7.  If 
the  cargo  particles  rise  to  the  surface  and  float,  one  should  calculate  the 
portion  lost  by  going  into  solution  during  the  brief  period  it  takes  the 
particles  to  reach  the  water  surface.  This  has  not  been  implemented  yet, 
however,  so  currently  there  is  no  such  loss,  and  all  the  escaping  cargo 
arrives  at  the  surface  and  is  treated  later  through  tie-point  8.  The  route 
to  the  liquid  in  water  case  throigh  tie-point  4 is  shown,  however. 

GAS  IN  AIR 

For  the  case  of  a gaseous  cargo  escaping  into  the  air,  the  detailed 
events  are  followed  on  chart  2 through  tie-point  1.  First  the  air  tempera- 
ture, stability  or  mixing  characteristics,  and  wind  velocity  are  used  to 
calculate  the  dispersion  of  the  cargo.  At  present  this  calculation  assumes 
that  all  the  escaping  cargo  has  been  released  instantly.  This  model  has 
been  discussed  in  some  detail  in  chapter  2 of  this  report,  so  we  proceed 
to  the  decision  at  Gil  on  the  reactivity  of  the  cargo.  This  information 
will  come  from  the  properties  file,  or  will  be  entered  by  the  user  for 
cases  of  unusual  spills  where  the  properties  file  does  not  have  this  infor- 
mation, For  many,  if  not  most,  of  the  hazardous  cargoes,  the  cargo 
will  be  reactive. 
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At  G12  on  the  basis  of  flaomability  limiting  concentrations  and  ignition 
temperatures,  it  vs  decided  whether  the  situation  is  such  that  combustion 
is  possible.  If  it  is,  i.t  is  next  determined  whether  an  ignition  source 
is  present,  end  if  so  we  proceed  through  tie-point  9 to  the  fire  and 
explosion  mod.  I,  which  is  discussed  in  detail  elsewhere  in  this  report. 

If  the  gaseous  cargo  is  not  combustible,  or  if  it  has  not  been  ignited,  the 
path  followed  is  to  G13  where  a series  of  calculations  determine  what 
reactions  will  take  place,  how  much  heat  is  liberated,  what  reaction 
products  are  formed  and  at  what  rates.  This  model  is  still  in  the  germinal 
stage.  Finally,  the  spread  and  dispersal  of  the  reaction  products  must  be 
determined.  While  the  methods  to  be  used  for  this  are  much  the  same  aa 
for  the  dispersal  of  the  cargo  originally,  the  use  of  these  methods  to 
trace  the  spread  of  the  reaction  products  has  not  been  implemented  at  this 
time.  This  will  be  necessary  at  some  point,  for  there  are  a number  of 
cases,  though  net  very  common,  where  the  reaction  products  are  more  toxic 
or  dangerous  than  the  original  cargo. 

GAS  ON  WATER  SURFACE 

The  case  for  a heavier-than-air  gas  resting  on  the  water  surface  has 
not  been  programmed  at  this  time,  but  on  chart  3 the  calculations  which 
should  be  performed  are  indicated.  For  the  case  of  a gas  that  is  heavier 
than  air  primarily  because  of  its  low  temperature,  the  calculation  of  the 
spread  of  the  gas  should  be  similar  to  the  calculations  used  to  determine 
the  spread  of  a cryogenic  liquid,  and  should  present  no  major  difficulties. 
The  rate  of  heat  input  to  the  gaseous  cargo  should  also  have  much  in  common 
with  the  flow  of  heat  to  a cryogenic  liquid  -spill.  As  the  cargo  attains  a 
density  not  too  different  from  that  of  air  the  cargo  can  be  expected  to 
mix  into  the  air,  and  with  this  rate  calculated,  at  G21,  one  then  goes  to 
the  gas-in-air  calculations,  which  have  just  been  discussed.  While  the  case 
of  a gas  which  owes  its  very  high  density  to  its  very  low  temperature  will 
be  more  common,  the  case  of  gases  which  are  inherently  much  heavier  than 
air,  even  at  ambient  temperature  and  pressure  may  also  be  treated  by  this 
model.  As  in  the  case  of  a cold  gas,  the  spilled  cargo  will  eventually 
disperse  into  the  air,  but  the  rate  of  such  a dispersal  will  depend  not 
upon  the  rate  of  warming  of  the  gas,  but  primarily  upon  the  wind  speed  and 
local  turbulence  conditions.  The  calculation  at  the  top  of  chart  3 
should  consider  this  type  of  loss  Into  the  air  as  well  as  heat  transfer 
and  gravity-induced  spreading  upon  the  water  surface. 

LIQUID  IN  AIR 

Chart  A takes  up  the  case  of  a liquid  in  air  - a mist  or  fog  whose 
droplets  are  composed  of  the  cargo  in  liquid  phase.  The  dispersion  calcula- 
tion will  be  the  same  as  for  the  dispersion  of  gas  in  air,  with  the  addition 
of  a subroutine  to  calculate  the  loss  of  the  cargo  in  liquid  phase  due  to 
evaporation  and  rainout.  Rainout  may  occur  either  due  to  the  incorporation 
of  the  dropf.  into  existing  precipitation,  or  when  the  density  and  size  of 
the  drops  allows  them  to  grow  in  size  while  decreasing  in  number  until  the 
surviving  drops  fall  due  to  their  own  weight.  The  increase  of  the  number  of 
drops  might  be  precipitated  by  a reduction  in  the  termperature  in  the  cloud, 
which  would  reduce  the  vapor  pressure  of  the  cargo,  and  lead  to  more  conden- 
sation . 
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In  most  cases,  however,  evaporation  will  reduce  the  amount  of  cargo 
In  the  liquid  phase.  The  mixing  of  the  originally  concentrated  cargo 
plume  with  ever  larger  amounts  of  air  during  the  course  of  dispersal  is  the 
cause  of  this.  The  amount  of  cargo  per  unit  volume  in  the  plume  will  have 
to  be  more  than  the  air  can  absorb  at  saturation  in  order  for  mist  droplets 
to  form.  The  mixture  of  the  original  volume  of  the  spill  into  a larger 
amount  of  air  will  increase  the  amount  of  cargo  that  the  air  can  hold  in 
vapor  phase,  so,  in  the  absence  of  a marked  temperature  decrease  during  the 
spreading  of  the  plume,  evaporation  of  the  droplets  can  be  expected. 

After  the  calculation  of  the  rates  of  phase  change  for  the  cargo,  at 
Lll,  the  portion  evaporating  is  treated  through  tie-point  1,  and  the  portion 
raining-out  is  treated  through  tie-point  3 or  4 depending  upon  the  density 
of  the  cargo  in  its  liquid  phase.  The  cargo  remaining  in  liquid  phase  is 
next  assessed  for  its  combustibility  at  L12.  If  it  is  combustible,  and  if 
it  Ignites,  then  one  proceeds  to  the  fice  and  explosion  model  through  tie- 
point  9.  If  the  cargo  is  incombustible  or  is  not  ignited,  one  proceeds 
to  the  evaluation  of  toxicity,  air  pollution,  reduced  visibility  (which 
may  be  a navigation  hazard),  and  other  damage. 

LIQUID  IN  WATER 

Chart  5 takes  up  the  case  of  t liquid  in  water  - entry  from  the  main 
flow  chart  by  means  of  tie-point  4.  Since  the  behavior  of  the  spilled  liquid 
will  depend  on  whether  it  mixes  with  water  or  not,  the  immediate  question 
concerns  the  cargo's  miscibility.  A miscible  liquid  will  mix  into  the  water 
and  disperse  much  like  a gas  dispersing  into  air.  An  immiscible  liquid,  on 
the  other  hand,  will  maintain  its  own  separate  identity  and  stay  separate  from 
the  water.  If  lighter  than  water,  the  inmiscible  liquid  will  remain  on  the 
surface  and  that  possibility  is  treated  through  tie-point  5.  Here  only 
immiscible  liquids  which  have  a density  greater  than  that  of  water  are 
considered.  They  will,  of  course,  sink  to  the  bottom,  and  there,  if  the 
current  is  9trong  enough,  and  the  cargo  is  not  too  heavy  and  viscous,  sig- 
nificant transport  of  the  immiscible  cargo  along  the  bottom  may  occur.  Thus 
the  transport  of  the  spilled  liquid  will  be  considerably  different  for  the 
immiscible  spill  than  it  is  for  the  miscible  spill,  and  different  calculations 
are  indicated  at  L22  and  L23. 

The  considerations  of  boiling  of  the  liquid  spill  and  of  reactions  are 
not  significantly  dependent  upon  the  miscibility  of  the  spill,  so  no 
differentiation  has  been  shown  here.  If  the  liquid  has  a boiling  point  lower 
than  the  water  temperature,  all  of  the  spill  will  eventually  escape  into  the 
air,  and  this  path  is  indicated  by  the  left  branch  from  the  decision  point 
at  L24,  If  no  boiling  takes  place,  the  possibility  of  reactions  is  considered, 
at  L26,  and  the  gaseous  reaction  products  escape  from  the  water  and  are 
treated  through  tie-point  1.  The  unreacted  cargo  and  other  reaction  products  go 
on  to  produce  water  pollution  and  possibly  toxicity  hazards. 

LIQUID  ON  WATER  SURFACE 

For  a liquid  floating  on  the  surface  of  the  water,  the  development  of 
the  spill  is  continued  on  chart  6 through  tie-point  5.  This  case  is 
presently  programmed  and  running  in  abbreviated  form  because  common  hazardous 
cargoes  such  as  gasoline  and  liquified  natural  gas  fall  into  this  case,  and  it 
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was  given  top  priority.  After  determining  whether  the  cargo  is  miscible 
or  not,  at  L31,  the  spread  of  the  cargo  is  calculated.  At  L34  it  is 
determined  whether  the  spreading  miscible  spill  bolls  at  ambient  con- 
ditions. If  so,  one  proceeds  to  the  gas  in  air  model  after  calculating 
the  rate  of  gas  formation  at  L35.  If  the  spill  does  not  boil,  the  cargo 
may  still  pass  to  the  gaseous  state  by  evaporation,  so  this  is  considered 
at  L36,  and  the  possibility  of  reactions  is  also  considered  at  this  time. 

The  portion  of  the  cargo  evaporating  and  the  gaseous  reaction  products  go 
to  the  gas  in  air  model  via  tie-point  1.  For  the  portion  of  the  spill 
remaining  on  the  water  surface,  some  may  be  lost  by  going  into  solution 
in  the  water,  but  this  calculation  is  not  available  yet,  so  it  is  assumed 
that  all  of  the  spill  which  does  not  evaporate  or  react  remains  in  the 
pool  on  the  surface.  At  L37  we  ask  whether  this  pool  can  burn,  and  if 
so  whether  it  is  ignited.  (Ignition  would  normally  occur  from  an  explosion 
or  flash  fire  resulting  from  the  spread  of  the  cargo  in  vapor  phase.) 

For  the  liquid  which  does  not  mix  with  water  at  L43  it  is  determined 
whether  this  liquid  bolls  at  ambient  temperature.  If  the  answer  is  yes 
(as  it  would  be  for  a liquid  natural  gas  spill,  for  example)  at  L44  the 
rate  of  escape  of  the  cargo  in  the  gas  phase  is  calculated,  and  the  consid- 
eration of  the  problem  shifts  to  the  gas  in  uir  model.  If  the  spill  does 
not  boil,  loss  by  evaporation  is  calculated  at  L45  (this  would  be  the  case 
for  gasoline),  and  the  escaping  gas  is  again  treated  by  the  gas  in  air  model. 
Reactions  are  considered  at  L45  for  the  unevaporated  portion  remaining.  The 
possibility  of  fire  is  considered  at  (4)  for  the  pool  of  cargo  and/or  reaction 
products  floating. 

SPILL  OF  SOLID  CARGO 

The  case  of  a spill  of  a solid  phase  cargo  is  taken  up  on  charts  7, 
j 8,  and  9 depending  on  whether  the  spill  has  come  to  be  temporarily  in  the 

air,  on  the  water,  or  in  the  water.  We  have  excluded  from  consideration 
the  possibility  that  a solid  cargo  may  be  combustible  if  it  is  in  the  water 
or  on  the  water  surface.  While  these  possibilities  do  exist,  they  are 
extremely  rare,  and  other  considerations  have  higher  priorities.  The  case 
that  a solid  cargo  suspended  in  the  air  (in  small  particles)  may  explode 
or  burn,  is  explicitly  considered,  however,  since  substances  usually 
harmless,  such  as  wheat  flour,  have  caused  explosions  when  the  conditions 
I were  right. 

The  calculation  of  the  spread  of  fine  particles  of  the  solid  cargo  in 

I the  air,  reached  through  tie-point  6,  on  chart  7 is  much  the  same  as  the 

| dispersion  calculation  used  for  the  spread  of  a gaseous  cargo,  with  the 

j addition  that  the  loss  of  cargo  due  to  fallout  (with  or  without  cgglomera- 

tion)  and  the  rainout  must  be  considered.  For  a solid  in  water  (chart  8), 
i the  calculation  of  transport  in  the  water  will  be  much  like  that  for  an 

immiscible  liquid,  except  that  the  settling  rate  will  be  different.  The 
loss  of  the  solid  cargo  through  reactions  and  solution  are  next  considered 
at  S22.  For  liquid  and  gaseous  reaction  products,  and  the  portion  of  the  solid 
going  into  solution,  the  further  consideration  proceeds  through  tie-points  1 
and  4 as  appropriate.  Chart  9 takes  up  the  last  of  our  8 possibilities,  the 
spill  of  a solid  phase  cargo  which  floats  upon  the  surface  by  the  water.  After 
a calculation  of  the  spread  and  transport  of  the  cargo  by  winds  and  currents, 

S31,  the  rates  of  disappearance  due  to  sublimation,  going  into  solution,  and 
reactions  are  calculated.  Liquid  reaction  products  and  cargo  going  into 
solution  are  treated  by  the  liquid  in  water  model  through  tie-point  4,  and 
the  gaseous  reaction  products  and  sublimed  cargo  go  to  the  gas  in  air  model  through 
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tie-point  1.  None  of  the  calculations  for  a solid  spill  has  been 
programmed  at  present,  but  the  knowledge  needed  for  many  of  the 
subroutines  Is  available. 


172 


SYMBOL  LIST  FOR  FLOW  CHARTS  WITH  NARRATIVE 


i 


f 

> 

r 

I 

r 


f 


x,  y,  2 


t: 


Cartesian  coordinates 

+z  is  in  the  upward  direction,  z"0  at  the  wcter  surface 
■he  is  in  the  direction  toward  which  the  wind  is  blowing 
time,  t*0  at  the  commencement  of  the  spill 


subscripts;  c 
s 
a 
w 
G 
L 
S 


cargo 

spill 

air 

water 

gas  phase  of  the  cargo 
liquid  phase  of  the  cargo 
solid  phase  of  the  cargo 


Cargo  information  supplied  by  user 


Tc  Temperature  at  which  the  cargo  is  stored 

Pc  The  pressure  above  ambient  air  pressure  at  which  the  cargo  is  stored 

S State  of  cargo  (gas,  liquid  or  solid)  - for  a cryogenic  or  pressurized 

cargo  a code  will  indicate  whether  the  cargo  is  partly  liquid  and 
partly  gaaeoue 

z Height  of  the  phase  change  (liquid-gas  interface)  for  a fluid  cargo 
pc  which  exists  in  the  tank  in  both  phases 

Volume  of  -argo  potentially  affected 

Mc  Mass  of  cargo  potentially  affected 

Comment : If  only  one  of  a number  of  tanks  or  holds  on  a vessel  is  ruptured 
or  punctured,  Vc  and  Mc  are  the  vo  * and  mass  of  the  affected  tank.  Note 
that  Vc  and  Mc  will  not  necessaril  ;e  equal  to  the  amount  spilled.  The 
nature  and  location  of  the  puncture  may  preclude  all  of  the  cargo  in  the 
tank  from  escaping. 


Pc  Density  of  cargo 

Comment : Vc,  Mc,  and  Pc  are  inter-related,  and  all  three  need  not  be  given 

in  most  cases.  From  Tc  and  P- . and  other  known  constants,  pc  can  be  calcu- 
lated for  a liquid  or  gas,  and  thence  Mc  if  Vc  is  known,  which  will  usually 
be  the  case.  For  a solid  cargo,  P(.  will  be  the  density  of  the  individual 
grains  or  chunks,  and  Mc  i PCVC  because  the  packing  fraction  will  have  to 
be  taken  into  account,  but  in  most  cases  Mc  will  be  known  and  Vc  will  not 
be  needed. 
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Cargo  information  obtained  from  the  properties  file 

Boiling  point  of  the  cargo  at  atmospheric  pressure 
Freezing  point  of  cargo  at  atmospheric  pressure 
Tpp  Flash  Point  temperature 

XL  Xy  Concentration  of  the  cargo  in  gas  phase  at  the  Lower  and  Upper 
’ Flammability  limits 

Pv  Vapor  pressure,  as  a function  of  temperature 
A Solubility 
m Miscibility 

Spill  information  supplied  by  user 

M or  V Mass  or  Volume  of  spill  for  an  instantaneous  spill 

A Area  of  puncture,  rupture,  or  vent  - needed  only  if  the  spill  is  not 
instantaneous 

zv  Height  of  puncture,  rupture,  or  vent 

Comment : If  the  spill  is  not  to  be  instantaneous,  then  the  spill  rate  as  a 

function  of  time  may  be  calculated  from  the  area  of  the  vent  and  the  cargo 
conditions. 

Information  about  Ambient  Conditions  supplied  by  the  user 

Air  Temperature 

P Air  Pressure 
a 

H Relative  Humidity 

V Wind  vector 
a 

Sfl  Atmospheric  Stability  Class 

T Water  Temperature 
w 

vw  Current  vector 

N Salinity  - may  be  needed  to  calculate  the  water  density  Pw 
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CHART  S 


liquid  in  water 


miscible 


Sinking  miscible 
liquid  Spill 


('Sinking  iamiscible 
l liquid  spill 


Calculation  of  sd- 
vectlon,  disper- 
sion and  rate  of 
temperature  change 


Calculation  of 
transport  before 
and  after  reaching 
the  bottom 


(Boiling  Cargo) 


Calculation 
of  rate  of 
gas  formation 


Calculat ion 
of  advection 
of  carRO 
during  boilinf 


r.as  in  Air 


L26 

Calculation  J 
of  reaction 
rates  b rates 
of  product 
f orma  t Ion 


Cas  in  Air 


S'  Cargo  and  liquid 
and  solid  reaction 
l products y 


'Toxicity 


/Water  \ 
Pollutloi\ 


0*  SDPtft  or  UAliA 


CHART  8 


SOLID  IN  WATER 


''Mixture 
and  sol  ic 
■v  prod 

>f  cargo 
reaction 
ucts 

$23 

Calculation  of 
transport  along 
bottom 

Calculation  of 
settling  rate, 
diffusion,  and 
transport  Ly 
1 cut  rent 


S22 


r-  - - i.  rift  ■ 

[Calculation  of  re- 
faction rute,  rate 
of  product  formation 
S r f of  loss  into 

aolu  ion 


c 


Liquid  reaction 
products 


Gaseous  reaction 
products 


CHART  9 


SOLID  ON  WATER  SURFACE 


0 


S31 

Calculation  of 
dispersion  by 

wind  and 

current 

S32 

Calculation  of 
rate  of  loss  of 
cargo  due  to 
sublimation,  re- 
actions and 
solution 
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APPENDIX  BI 


1 


MODIFICATION  OF  THE  GAUSSIAN  PUFF  MODEL 


Since  the  Gaussian  puff  model  is  primarily  intended  for  use  with  low 
concentrations,  when  applied  very  close  to  a large  source  the  unmodified 
Gaussian  puff  equation  may  give  a concentration  of  the  vapor-phase  cargo 
which  is  greater  than  the  density  of  the  pure  cargo  vapor  at  ambient  at- 
mospheric pressure  and  temperature.  This  is  not  physically  possible,  of 
course,  and  the  computer  model  has  been  modified  to  preclude  such  a con- 
centration being  given. 

In  the  case  when  the  unmodified  Gaussian  puff  equation  would  give  a 
concentration  greater  than  pure  cargo  at  ambient  conditions,  what  is 
actually  present  is  a glob  of  nearly  pure  cargo,  surrounded  by  a volume 
in  which  the  concentration  decreases  froji  the  density  of  pure  gaseous 
cargo  towards  zero.  Ir  is  reasonable  to  assume  that  the  concentration 
decreases  in  a Gaussian  manner  from  the  surface  of  the  glob  of  pure  or 
nearly  pure  cargo. 

To  treat  this  :aathematicalJy , let  us  first  transform  from  the  physical 
x,y,z  coordinate  system  into  one  "hich  i9  scaled  by  the  diffusion  co- 
efficients: 
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L j 
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I 
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x-Ut 


(Bl-l) 


where  U is  the  wind  speed.  Since  the  point  of  liberation  of  the  ga9  is 
at  the  water  surface,  z^O,  in  this  coordinate  system,  let  the  glob  be  a 
hemisphere  centered  at  x'By'*z'*0.  Let  us  take  the  radius  of  this  hemi- 
sphere to  be  R' , and  assume  that  it  is  pure  cargo-gas.  If  Cp  is  the 
density  of  the  cargo  in  gas  phase  at  ambient  temperature  and  pressure, 
and  (r')2  « (x')2  + (y')2  + (z')2  is  the  square  of  the  distance  from  the 
center  of  the  puff  to  the  observation  point  in  the  new  coordinate  system, 
l.ien  the  concentration  C at  x',y',z'  will  be 


C » Cp  if  r'  < R' 

C =■  Cp  exp  (-  if  r'  > R 1 


(Bl-2) 


The  term  (r1  - R ' ) ^ in  the  exponent  is  the  correct  distance  factor, 
but  it  appears  unusual.  It  is  clear  that  the  Gaussian  function  depends  on 
the  square  of  the  distance  from  some  point,  line,  or  surface.  The  usual 
Gaussian  diffusion  equations  are  written  with  respect  to  2 point  (puff 
model)  or  a line  (plume  or  continuous  source  model).  Ir.  these  ca^es,  the 
d-stance  from  the  point  or  line  may  be  conveniently  expressed  in  the 
Gaussian  coordinate  system,  by  the  familiar  equations.  Here,  however, 
wa  have  a case  where  it  is  the  distance  from  the  surface  of  a sphere 
which  is  important,  and  this  is  expressed  conveniently  only  in  spherical 
coordinates . 
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Preceding  page  blank 
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The  reader  familiar  with,  the  diffusion  equation  or  time-dependent 
heat  flow  problems  may  have  noticed  that  (Bl-2)  is  not  the  solution 
to 


, K 

9t  K 

v2c 

(Bl-3) 

with 

C - C 

n 

for 

rirl 

V 

} 

at  t ■ 0 

(Bl-A) 

C - 0 

for 

r > r^ 

which  is  the  rigorous  statement  of  the  problem  of  the  dispersion  of 
material  which  forms  a sphere  at  t ■ 0.  (The  equation  for  the  diffusion 
of  particles  is  identical  to  the  equation  for  the  transfer  of  heat  by 
conduction,  and  the  thermal  problem  antedates  the  diffusion  problem,  so 
the  treatment  in  many  books  is  in  terms  of  heat  flow.  Analytic  solutions 
to  the  diffusion  equation  for  a number  of  simple  cases  may  be  found  in 
standard  texts  such  as  Kreyszig  (Bl]  or  Landau  and  Lifshitz  (B2J). 

While  this  problem  could  be  solved  for  the  concentration  as  a 
function  of  time  and  space  for  the  early  period  of  the  puff's  dispersal, 
the  problem  of  matching  this  solution  to  the  Gaussian  puff  solution  at 
a liter  time  when  the  puff  model  is  appropriate  would  remain.  This 
matching  would  require  shifting  from  the  solution  to  (Bl-3)  to  the 
empirically  determined  Gaussian  puff  concentration  over  an  arbitrary 
period  of  time  by  means  of  interpolation  of  spline  functions.  To  make 
a smooth  transition,  the  matching  would  be  quite  complex.  Since  the 
Gaussian  puff  should  need  modification  to  avoid  unrealistically  high 
densities  only  for  a short  time  after  the  puff  begins  dispersing,  this 
complication  was  not  considered  worthwhile.  The  chosen  solution  (Bl-2) 
approximates  the  theoretical  solution  to  (Bl-3)  well  enough  for  the 
use  the  VM  will  make  of  it,  and  the  transition  to  the  Gaussian  puff 
distribution  is  trivial. 

Further,  the  type  of  flat-topped  profile  of  concentration  as  a 
function  of  radial  distance  which  (Bl-2)  gives,  is  in  accordance  with 
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[Bl)  Kreyszig,  E.  Advanced  Engineering  Mathematics.  John  Wiley  & Sons, 
Inc.,  New  York,  1967.  (See  Section  9.5  and  9.6) 

[B2]  Landau,  L.D.,  and  E.M.  Lifshitz.  Fluid  Mechanics.  Pergamon, 

London,  1959.  (See  Chapter  5 and  6.) 
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ether  work.  Figure  Bl-1  shows  a profile  calculated  by  Lind  [B3],  which 
clearly  shows  a region  of  constant  concentration.  While  this  concentration 
is  not  100%  as  it  is  in  (Bl-2),  it  is  clear  from  the  figure  that  very 
close  to  the  spill  a concentration  close  to  100%  would  occur.  Lind's 
method  of  calculation  is  based  upon  that  used  by  Esso,  which  was  experi- 
mentally verified  [B4]. 

In  equation  (Bl-2),  R'  marks  the  boundary  between  the  hemisphere  of 
pure  cargo  vapor  and  the  region  in  which  the  vapor  is  mixed  with  air. 

The  value  of  R'  is  determined  by  the  necessity  of  conserving  mass: 


K •///  Cdv  - ///  C(j[jr)  dv*  - ///  C(o  a a )dv' 

1 all  OV  all  * y L 


all 

space 


all 

space 


all 

9pace 


(Bl-5) 


where  dV  * dxdydz,  and  dV'  * dx'dy'dz'. 


It  may  seem  that  the  concentration  used  should  be  converted  to  the 
primed  coordinate  system,  but  this  is  not  necessarily  the  case.  It  is 
incorrect  to  transform  the  limits  of  integration,  the  unit  volume,  and 
the  concentration  or  density.  However,  one  may  define  C'  = Cc^cyOz  to 
be  the  new  density  if  one  so  desires*. 


'•  l B 3 ] Lind,  C.D.,  Explosion  Hazards  Associated  with  Spills  of  Large 

Quantities  of  Hazardous  Materials  - Phase  I.  Report  No.  CG-D-30-75, 
United  States  Coast  Guard,  Dept,  of  Transportation,  1G  October  1974. 

[B4]  Feldbauer,  G.W. , et  al.  Spills  of  LNG  on  Water  - Vaporization  and 

Downwind  Drift  of  Combustible  Mixtures.  Esso  Research  and  Engineering 
Company,  Report  No.  EE61E-72  (Released  by  the  American  Petroleum 
Inst.,  Re  6232),  March  1973. 

* That  this  new  integral  is  correct  may  be  demonstrated  by  a simple 

example.  In  the  x,y,z  system  let  the  density  be  some  constant 
value,  C0,  in  a rectangular  region  with  slides  ox,o y,oz,  respec- 
tively, and  zero  outside  this  region.  Clearly: 

0X  o a 

H B j0  ^ o fX„  C°  dxd>rdz  ■ co  °xay°z 

Taking  care  to  transform  the  limits  of  integration,  in  the  x'.y'.z* 
system  we  have 

1 1 1 

M “ / / / CoOx0y02dx' dy ' dz’  * Co0xOyOz 

OOO 
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It  will  be  easiest  to  do  the  integral  in  spherical  coordinates  in 
the  new  coordinate  system  so  equation  (Bl-5)  becomes: 


2tt  ti/2  oo 

M * / / / C(ooo)  (r')2  9 ' dr' d0 ’ d$ ' 

0'«o  r'*o  x y z 


(Bl-6) 


when*  the  integral  over  0'  only  goes  frcai  0 to  tt/2  because  the  gas  can 
”\ly  occupy  the  +z  half-space. 

The  <J>'  and  0’  integrals  can  be  done  at  once,  leaving 


M 


0 0 0 
x y z 


■ 2it 


R’ 


/ C (r')2dr'  + / C exp (-  ~ (r ’ -R' )2) (r * ) 2dr ’ 


R' 


(Bl-7) 


Let  the  second  integral  above  be  denoted  by  A Cp,  and  we  have 


M 


! t;  ' ) 3 

_ „ „ = 2 ttC  -r—  + 2ttAC  (Bl-8) 

v 3 p 

The  integral  A is  evaluated  by  making  the  substitution  s = r'  - R' : 

2 

00  oo  _ 

A - / exp  (-  -j  (r*  - R')2)  (r ' ) 2dr ' = / e 2 (s2  + 2sR'  + (R')2)  ds 


R' 


2 2 2 
3 „ S 


oo  _ I 


/ s2e  “ ds  + 2R'  / s e 2 ds  + (R’)2  / e 2 


ds 


(Bl-9 ) 


- (|)1/2  + 2R'  + (R1)2  (y)172 

The  second  of  the  three  integrals  in  s is  trivial,  ar.d  the  other  two  are 
tabulated  definite  integrals.*  With  the  integral  A evaluated,  from  (Bl-8) 
we  have : 


M 


[j  n (R')J 


+ 2 TT 


P 

which  is  a cubic  equation  in  R’ 


<2R'  + (1+(R’)2)  ^'f)1/2^J 


(Bl-10) 


s s 

2 2 L / 2 2 

*It  may  seem  odd  that  / s e as  = (-'  = f e “ ds,  but  such  is 

o o 

indeed  the  case.  This  may  be  proved  by  integration  by  parts.  We  have 

(cent 1 d ) 
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(R’)3  + p(R')2  + qR’  + s « 

with  p = | (2ir)1/2 
q = 6 

3M 

5 ' " ' ?VxVz 


In  use,  at  each  time  step  the  concentration  at  the  center  of  the  puff 
Is  calculated  by  the  usual  Gaussian  puff  equation: 


‘ m3\oycz  ‘“-li 

If  this  concentration  does  not  exceed  Cp,  the  usual  Gaussian  puff  equation 
is  used.  If  this  concentration  exceeds  Cp,  then  equation  (Bl-11)  is  solved 
for  R" , and  then  the  concentrations  are  calculated  from  equation  (Bl-2) 
with: 


^)2  + (-^-)2 
a a 

x y 


+ (t)2] 


*(cont' d) 


37  (f9)  " 5s  9 + f ds  ’ and  since  / as  <f9>ds  s fs.  / f af  ds  * 


CO  oo 


Cfg]  " / (^-)  gds.  Let  ^ * se  2 and  f = s. 
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then  g = -e  and 


s 

.2"  7 


OO  CD 


37  s-'  1*  Thus  / sce  * ds  « [-oe  i ] - / (-e  2 )ds 

Op  ? 0 0 

» s » s 

which  gives  / s e 2 ds  = / e 2 ds. 
o o 

Both  these  integrals  are  evaluated  in  tables  of  definite  integrals, 

1/2 

and  are  equal  to  (^-)  . (For  example,  see  integrals  423  and  426  on 

p.  304  of  (B5 1 . ) 


(B5)  C.R.C.  Standard  Mathematical  Tables,  11th  ed , C.  D. 

Hodgeman  (Editor-in-Chief),  Chemical  Rubber  Publishing  Company, 
Cleveland,  Ohio,  1957. 
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In  the  case  that  an  explosion  or  flash  fire  occurs  while  the  puff 
is  still  so  close  to  the  source  that  the  unmodified  Gaussian  puff  model 
gives  unrealistic  values  for  the  concentration,  the  VM  must  be  able  to 
calculate  the  amount  of  cargo  vapor  which  explodes  or  burns  for  the  modi- 
fied distribution  we  have  been  discussing.  In  Appendix  C it  is  shown 
that  the  mass  which  will  explode  or  burn  will  be  given  by 

Si  S8 

Me  “ Iff  CdV  + / / / PcdV  (Bl-14) 

Sg  Su 

where  Su  is  the  surface  on  which  C = Cu 

Ss  is  the  surface  on  which  C = Cs 

Si  is  the  surface  on  which  C c Cj 

Cu  * the  upper  flammable  limiting  concentration 

Ca  ■ the  stoichiometric  concentration 
Ci  = the  lower  flammable  limiting  concentration 

and  where 

P “ (Bl-15) 

is  the  fraction  of  the  fuel  which  burns  when  the  mixture  is  richer  than 
stoichiometric.  No  is  the  number  of  moles  of  oxygen  consumed  for  every 
mole  of  fuel  burned. 


As  before  it  will  be  easiest  to  work  in  the  primed  coordinate  system 
(equation  Bl-1)  and  in  spherical  coordinates  in  this  system  (equation  Bl-13). 
In  this  coordinate  system  the  surfaces  of  constant  concentration  will  be 
spheres.  Let 


r^  = radius  of  the  surface  on  which  C = C0 

I 

r8  * radius  of  the  surface  on  which  C = Cs 
r^  * radius  of  the  surface  on  which  C = 


Values  for  these  radii  may  be  obtained  by  setting  C equal  to  Cu,  C3,  or 
Ci  in  equation  (Bl-2).  (Since  pure  fuel  vapor  cannot  burn  - there  is  no 
oxygen  present  - Cu  must  be  less  than  Cp,  and  we  need  only  consider  the 
region  in  which  r*  is  greater  than  R' . ) The  values  for  the  radii  are 
easily  obtained: 


r*  = R'  -t 
u 

r'  ■ R'  + 
s 

rj  = R'  + 
So  with  (Bl-2) 


(2*n(Cp/Cu))1/2 
(2£,n  (Cp/C3) ) 1/2 
(28.n(Cp/C1)  )1/2 
and  (Bl-15),  equation 


(Bl-14)  may  be  written 


(Bl-16) 


191 


(Bl-17 ) 


2ir 

TT/2  Tg 

f r 

fo  il  c 

Me  - J 

$'*o 

J J 

e'-o  r'-ri 

L »0  C 

a a o 
x y 

(r' )2sinG' 
z 

dr^e'd^* 

2tr  tt/2 

/ / 

4»'«o  9 ' -o 

/ri  cp 

r’-r* 
r rs 

exp  (- 

ot\2 


x y 2 


1 d<J> ' 


The  transformation  used  to  obtain  this  expression  is  analogous  to  the 
one  used  to  go  from  (Bl-5)  to  (Bl-6).  And  here  also  the  and  O' 
integrals  can  be  done  at  once  giving 


Me 


0^21  fs  , ,v2.  . 


Mood  No  ^ , (r' * dr 

P x y z r 


u 

2^1  (r.,2dr.  + fi  exp  (r.)2dr. 


(Bl-18) 


Now  the  first  integral  is  trivial  and  gives  (r')2/3.  The  other  two 
integrals  may  he  done  by  considering  integrals  of  the  form 


b ? «2 
I - / s exp  (-  # )ds 


(Bl-19) 


which  we  treat  by  integration  by  parts.  With  dg/ds  - s exp  (-s2/2)  and 
f(8)  « s,  then  g(s)  = -exp  <— s 2 / 2 ) and  df/ds  * 1.  Since 


/ fds  - [fg]  - £ gds 


df 


a 

we  have 
b 


ds 


ds 


2 b b 


/ 8 exp  (-  )ds  » [-s  exp  (-  f ) ) - / - exp  (-  f )ds 


a 


a a 


■ a exp  (-  f ) - b exp  (-■!)+  / exp  (-  f )ds 


(Bl-20) 


(Bl-21 ) 


Now  let  s • r'  — R * ; then  r'  ■ s + R'  and  (r')^  ■ + 2sR'  r (R' ) ^ 


so  we  have 


r'-R' 


A “ / exp  [ - ^ r ^ ) (r')^dr'  » /S  exp  (-*  % ) [s^+2sR'  + (R'  ]ds  (Bl-22) 


r'.-R 
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Let  a ■ rj,  - R'  , b ■ tj  - R'  , and  c • r[  - R*  . Then  (Bl-22)  becomes 

b , 2 b 2 b 2 

A - / s exp  (-  j )ds  + 2R'  / s exp  (-  j )da  + (R'  ) / exp  (--|  )ds  (Bl-23) 

a a a 

Using  (Bl-21)  this  becomes 


2 2 b 2 

A « a exp  (-  ~ ) - b exp  (-  ) + / exp  (-  )ds 

a 

2 2 
+ 2R'  la  exp  (-  ~ ) - b exp  (-  ^ )]  + (R* )2  / exp  (-  ~ )dt 

a 

The  similar  terms  may  be  combined  to  give 


(Bl-24) 


2 2 , b 2 

A - (1+2R')  [a  exp  (-  § ) - b exp  (-  | )]  + [1+(R' ) j / exp  (-  f )da  (Bl-25) 

a 

Now  the  remaining  integral  has  an  integrand  which  differs  from  the  normal  curve 
of  error  only  by  a constant,  and  the  normal  curve  of  error,  4>(x),  is  related 
to  the  error  function,  erf(t)  by 


t t . 2 

/ <|>(x)dx  * / (2n)  exp  (-  ~ )dx  ■ 1/2  erf(-j~) 


(Bl-26) 


The  error  function  is  a tabulated  special  function,  and  we  may  express  the 
integral  A in  terms  of  it  by  using  the  identity 


b b a 

/ f(s)ds  ® / f(s)ds  - / f(s)ds 

a o 0 


(Bl-27 ) 


and  so  we  have 


A « (1+2R')  la  exp  (-  -|  ) - b exp  <-  | ) ] + 

+ ll+(R')2]  (|)1/2  l erf  ~ erf  ) ] 

But  r]L  was  defined  by 

(r'-R* )2 

Cg  = Cp  exp  ) - Cp  exp  (-  § ) 

and  r^  and  r^  were  defined  in  an  analogous  manner  so  we  have 
A * ( 1+2 R ' ) la(Cu/Cp)  - b(Cs/Cp) ] + (1+(R’ )2)  (y)l/2  • 

ferf^)  " erf(^)] 


(Bl-28) 


(Bl-29) 


(Bl-30) 
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The  third  integral  in  (Bl-18)  is  the  same  as  the  second  Integral  except 
for  the  limits  so  we  have,  by  analogy: 


B - J1  exp  [- ] (r')2dr*  * (1+2R* ) (b(Cs/Cp)  - c(Cj/Cp>] 
rs 

+ U+(R’)2]  (|)1/2  (erf(-^j)  - erf^)] 


(Bl-31) 


and  the  ma9S  exploding  or  burning,  from  equation  (Bl-18)  can  finally  be 
written  as: 


Me 


jo. 21 
L3*b 


0.21 

No 


A + B 


(Bl-32) 


; 
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APPENDIX  B2 


GAUSSIAN  PLUME  AIR  DISPERSION  MODEL 


In  cases  where  the  liberation  of  the  cargo  in  vapor  phase  takes  a long 
time,  it  is  more  appropriate  to  use  a Gaussian  plume  model  (continuous  source 
model)  than  a Gaussian  puff  model  (instantaneous  source  model).  The  question 
of  how  long  the  gas  release  time  should  be  in  order  to  use  the  plume  model 
is  discussed  in  chapter  4 and  the  following  section  of  this  appendix. 

The  Gaussian  plume  model  is  discussed  in  chapter  S of  the  CHRIS  documenta- 
tion [B6],  and  equation  (B2-1)  below  is  essentially  equation  (5.2)  from 
p.  54  of  this  work.  The  CHRIS  documentation  does  not  discuss  the  possibility 
of  the  vapor  release  rate  varying  as  a function  of  time.  Equation  (B2-1) 
allows  for  thiB  possibility,  but  as  programmed  the  model  uses  an  average 
release  rate  which  is  not  a function  of  time.  The  reason  for  this  limita- 
tion in  the  program  is  twofold:  first,  if  an  explosion  or  flash  fire  occurs, 

the  amount  of  fuel  which  explodes  or  burns  must  be  found  by  integration  of 
the  concentration  distribution  between  given  concentrations.  Not  only  is 
this  much  easier  for  the  case  where  the  release  rate  is  constant,  but  the 
various  subroutines  make  no  provision  for  storing  the  release  rate  as  a 
function  of  time,  so  a number  of  HACS  Subroutines  v~uld  have  to  be  modified 
if  the  average  release  rate  was  not  used.  Second,  some  of  the  HACS  sub- 
models which  treat  the  release  of  cargo  vapor  do  not  calculate  a release 
rate  as  a function  of  time,  but  output  only  the  amount  of  vapor  released 
and  the  time  at  which  the  release  is  complete. 

The  Gaussian  plume  model  is  undefined  when  the  wind  speed  is  zero. 

Since  this  is  the  case,  and  the  plume  model  is  not  appropriate  for  use  when 
the  wind  speeds  are  low,  the  VM  uses  the  puff  model  whenever  the  wind  speed 
is  below  2 m/s. 


The  details  of  the  calculation  are  as  follows;  let: 


C 


x,y,z 


t 


t 


v 


the  concentration  of  the  cargo  in  vapor  phase. 

the  position  of  the  observer  (or  the  cell  center)  in  a coordinate 
system  in  which  the  origin  is  at  the  spill  or  vent  location 
(which  is  assumed  to  be  at  the  water  surface)  and  the  positive 
x axis  is  in  the  direction  toward  which  the  wind  is  blowing. 

the  time  at  which  the  concentration  at  x,y,z  is  to  be  calculated. 

t ■ o,  when  the  vapor  release  begins. 

r.  - x/U  ■ the  time  at  which  the  cargo  vapor  observed  at  x,y,z 
at  time  t would  have  escaped  or  evaporated  if  the  wind  speed  was 
steady  at  U and  there  was  no  diffusion  in  the  x direction. 


[ B6 ] Raj,  P.K.,  and  A.S.  Kalelkar,  Assessment  Models  in  Support  of  the 
Hazard  Assessment  Handbook,  A.D.  Little,  Inc.,  Cambridge,  Mass., 
January  1974.  Dept,  of  Transportation  Report  No.  CG-D-65-74, 

NTIS  AD  776617. 
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tg  **  time  at  which  the  gas  venting  or  evaporation  is  complete. 


F 

e 


the  rate  of  liberation  of  the  cargo  in  gaseous  state. 


a 


y. 


a 

z 


the  diffusion  parameters  in  the  y and  z direction,  respectively. 
They  are  functions  of  x and  of  the  atmospheric  stability,  of  the 
Form  ax'3. 


U “ the  wind  speed.  U is  taken  to  be  a constant. 


It  is  clear  that  Fe  should  be  evaluated  at  time  tv,  since  the  rate 
of  vapor  liberation  at  the  pool  or  vent  at  the  same  time  that  the  concen- 
tration is  being  measured  many  hundreds  of  meters  or  many  kilometers  down- 
wind is  irrelevant.  What  is  relevant  is  release  rate  at  tv»  since  the  time 
it  has  taken  the  vapor  to  travel  with  the  wind  from  the  origin  to  x is  just 
x/U. 


If  the  conditions  are  suitable  for  use  of  the  plume  equation  as  opposed 
to  the  puff  equation,  the  concentration  is  given  by 


C(x,y,z, t) 


nlfo  a 

y z 


exp 


(-  2 (i:)2  • 2 <^for  °±  cv  I 


(B2-1) 


C (x,  y , z , t ) = 0 for  tv<0  and  tv  > te 


where  Fe  is  evaluated  at  tv.  In  this  equation  it  has  been  assumed  that  the 
gas  is  released  at  the  water  surface  and  a factor  of  two  has  been  incorporated 
to  account  for  the  reflection  about  the  z»»0  plane,  i.e.,  for  the  fact  that  the 
gas  escapes  into  the  positive-z  half-space. 


Next  we  consider  how  much  of  the  cargo  vapor  which  is  dispersing  in  a 
Gaussian  plume  will  explode  or  burn  in  a flash  fire.  The  basic  assumptions 
are  that  no  fuel  will  burn  where  the  concentration  is  less  than  the  lower 
flammable  concentration,  and  that  no  fuel  will  burn  where  the  concentration 
is  above  the  upper  flammable  concentration.  Where  the  concentration  is 
between  the  stoichiometric  concentration  and  the  upper  flammable  concentration, 
it  is  assumed  that  all  of  the  oxygen  will  be  consumed,  but  that  not  all  of  the 
fuel  will  be  consumed.  This  assumption  is  discussed  in  detail  in  appendix  C. 

In  addition  to  the  items  defined  above,  let: 

Cp  = concentration  or  density  of  pure  cargo  vapor  at  ambient  atmospheric 
temperature  and  pressure. 

C = stoichiometric  concentration, 

s 

Cu  = upper  flammable  concentration  limit. 

= lower  flammable  concentration  limit, 

t^  = time  of  ignition. 

xi'yi,zi  = coordinates  of  ignition  source. 


i 


3 

5 
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x » coordinate  of  the  sourrre-end  of  the  plume: 

e 

*e  ■ 0 lf  *i  1 ce 

xe  ■ U (ti-te)  if  Ci  > te. 

Nq  * number  of  moles  of  oxygen  consumed  per  mole  of  fuel. 

■ mass  of  cargo  consumed  in  flash  fire  or  explosion. 

P - portion  of  fuel  burned  when  the  fuel  concentration  is  greater  than 
stoichiometric. 

Let  us  begin  by  finding  an  expression  for  the  curve  in  the  yz  plane 
where  C-C8.  The  concentration  is  given  by 

c ■ safer  £- 1 • 1 <5T>2  ’ <82-2> 

a y y *• 

Where  the  factor  of  two  in  the  numerator  comes  from  the  assumption  that 
the  source  is  at  z-0,  and  the  escaping  gas  can  only  go  into  the  positive-z 
half-space.  With  OC8,  rearranging  (B2-2)  we  have 


)2  + 


(~)2 
v Oz  ’ 
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nUo  a C 

y z s 


(B2-3) 


This  is  the  equation  for  an  ellipse.  The  mathematics  will  be  simplified 
if  we  transform  to  a coordinate  system  in  which  we  have  a circle  rather 
than  ellipse.  Let 


y' 


(r-)2  » (y1)2  + (z1)2 


(B2-4) 


If  r'  ■ Rg  on  the  circle  in  che  primed  coordinate  system  where  OC8,  then 


<»;>2  - 2 10 

y z s 

Likewise,  r[  given  by  (Ri)2  - 2 In  * ■ ) 

y z^l 

is  the  radius  of  the  circle  on  which  OC^,  and  Ry,  given  by 

(Ru)  2 In  (nUa  — -Q-) 
y z u 

is  the  radius  of  the  circle  on  which  OCu. 


(B2-5a) 

(B2-5b) 


(B2-5c) 
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Now  the  fraction  of  fuel  consumed  when  the  fuel  concentration  is 
greater  than  stoichiometric  is 


.041  ( _£ 


N, 


1) 


(B2-6) 


as  discussed  in  appendix  C. 

The  mass  of  cargo  vapor  which  explodes  or  burns  in  a flash  fire  is 

then 


xi  C * C1 


C - C, 


Mp  - / ( //  Cdyd2  + //  PC  dydz  ] d 


(B2-7) 


where  the  limits  on  the  y and  2 integrals  are  the  curves  on  which  the  con- 
centration is  equal  to  Cj.,  Cs,  or  Cu.  The  y-z  integrals  will  be  most  easily 
done  in  the  primed  coordinate  system  in  plane  polar  coordinates.  The  first 
integral  is 


C-C, 
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But  with  and  given  by  (B2-5)  we  have 
r 

1 F ttU  o o 

//  Cdydz  = -j£  ( (CS-CL)  - tt  Oy  Oz  (Cg-q)  (B2-9) 

c=c 


Using  (B2-6)  the  second  y-z  integral  in  (B2-7)  is 


c-cs  c=cs 
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In  this  expression,  the  <}>'  integral  and  the  r'  integral  are  trivial,  and 
the  second  r’  integral  is  similar  to  the  integral  evaluated  in  (B2-8)  and 
(B2-9) , we  we  have 

OCs  (R'  )2  _ (r*  )2 

//  PCdydz  - (^)  7 roy02  [Cp  <— a— ) - (Cu-C3)  ) (B2-11) 


Thus  (B2-7)  becomes 


Me  “ II  l(Ca'Cl>  + ^ ^u-Cs)l  dx 

x.  (B2-12) 


Lot  ciy  ■ ax*5,  a z * cx  , then 


x.b+d+l_„  b+d+1 
*1  xe  , 


Mg  - 7TA  //  acx1^  dx  - ttA  ( ) ac 


(B2-13a) 


where 


A ° Cg-Ci_  + 


[C_  log  (Cu/Ca)  + c8-cu] 


(B2-13b) 


In  practice,  all  the  quantities  in  (B2-13)  will  be  known  at  the  time  it  is 
calculated  that  the  ignition  occurs,  except  Ra  and  RA.  These  quantities  may 
be  calculated  from  (B2-5),  however.  In  the  CHRIS/HACS  models,  Oy  and  oz  are 
not  always  given  by  an  expression  of  the  form  ax^.  However,  in  roost  cases 
the  plume  will  not  be  more  than  several  km  long  when  it  is  ignited,  and 
expressing  oy  and  az  in  axb  form  for  such  a range  of  distance  is  an  acceptable 
approximation. 
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SCALE  ANALYSIS 


Consideration  of  the  lengths  and  times  which  are  characteristic  of  air 
dispersion  enables  one  to  coma  to  some  useful  conclusions.  Scale  analysis 
is  used  in  this  section  of  appendix  B to  show  that  the  advection  of  a gaseous 
cargo  by  the  wind  will  be  much  more  effective  in  spreading  the  gas  than  will 
eddy  diffusion  alone,  and  it  is  used  to  indicate  how  a suitable  time  step 
might  be  chosen,  and  how  to  decide  whether  the  plume  or  puff  model  is  the 
more  appropriate.  Finally,  it  is  shown  that  certain  spills  are  too  small 
to  be  treated  accurately  i>y  the  VM. 

Let  us  define  the  following  scale  quantities: 

L ■ 100  m - horizontal  scale  of  surface  roughness. 

V ■ 30  m * vertical  scale  of  surface  roughness. 

H ■ 3000  m ■ scale  of  distance  over  which  a hazardous  condition 
might  exist. 

U ■ 5 m/s  ■ typical  wind  speed 

K * 1000  m2  /a  * horizontal  eddy  diffusivity  on  the  scale  of  H. 

tr  ■ duration  of  gas  release. 

From  these  basic  parameters  we  may  derive  several  other  quantities: 

th  * H/U  ■ 10  min  • transport  time  for  scale  length  H. 

t^  * H2/K  ■ 2.5  hr  * diffusion  time  for  scale  length  H. 

t^  ■ L/U  ■ 20  s • transport  time  for  the  scale  length  L. 

In  fluid  dynamics  it  is  customary  to  characterize  the  roughness 
of  a surface  by  a representative  length.  Most  surfaces,  over  which 
a fluid  may  flow,  have  surface  imperfections  of  a random  nature.  In 
a pipe  the  surface  roughness  is  caused  by  scratches,  pits,  and  pro- 
tuberances on  the  inner  surface.  For  atmospheric  flows  the  surface 
roughness  is  caused  by  topological  features  of  the  ground.  In  an 
urban  area  the  vertical  scale  of  surface  roughness  would  be  approxi- 
mately the  average  height  of  the  buildings.  The  horizontal  scale  of 
surface  roughness  would  be  close  to  the  average  distance  between 
individual  buildings  or  between  groups  of  adjacent  buildings  of  similar 
height.  The  surface  roughness  lengths  have  been  taken  to  be  character- 
istic of  an  urban  area,  for  this  is  the  area  in  which  a spill  would  be 
most  objectionable.  For  grassland  or  the  open  sea,  the  parameters  L 
and  V would  have  values  about  1/100  of  the  values  used  above.  The 
value  of  K,  the  horizontal  turbulent  diffusion  coefficient,  is  taken 
from  the  data  of  Richardson  as  presented  on  p.  93  of  (B7). 

[ B7 ) Slade,  D.  H. , ed . Meteorology  and  Atomic  Energy.  U.S.  Atomic  Energy 
Commission,  TID-24190,  1968. 
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Preceding  page  blank 


The  quantities  above  are  representative  values,  and  only  give  the  orders 
of  magnitude  involved.  This  is  sufficient  for  the  problems  addressed  here. 
For  example,  comparison  of  tj,  and  t^  Indicates  the  relative  importance  of 
wind  advection  and  turbulent  diffusion  in  dispersal  of  a substance  in  the 
atmosphere.  For  almost  any  wind  speed  above  zero,  the  transport  by  the  wind 
will  be  more  important  in  spreading  the  material  than  will  diffusion.  For 
any  scale  distance  H and  wind  speed  U,  the  ratio  of  the  wind  transport  time 
to  the  diffusion  time  is  given  by  the  dimensionless  ratio  K/H/U.  For  the 
values  used  above,  this  ratio  is  1/15. 

Choice  of  Time  Step 

The  choice  of  the  time  step  to  be  used  in  the  air  dispersion  submodel 
of  the  VM  must  be  based  on  the  scale  of  the  problem  as  well  as  the  compu- 
tational and  cost  factors.  Only  the  input  from  scale  considerations  are 
considered  here.  Because  the  air  dispersion  model  is  not  Intended  for  use 
on  the  scale  of  the  surface  roughness,  a time  step,  At,  on  the  order  of  t^ 
is  not  appropriate.  Although  the  VM  will  function  perfectly  well  for  any 
size  time  step,  the  use  of  a time  step  as  small  as  t^  or  smaller  may  easily 
lead  one  to  make  unwarranted  inferences  about  the  accuracy  of  the  VM. 

There  is  little  if  anything  to  be  gained  by  the  use  of  time  steps  less 
than  tj. 

On  the  other  hand,  the  VM  is  intended  for  use  on  the  scale  H,  and  Is 
reasonably  accurate  on  such  a scale.  To  get  some  detail  on  events  on  this 
scale,  At  must  be  chosen  smaller  than  t^.  There  are  no  definite  rules,  but 
typically  one  might  choose  At  to  be  between  t^/10  and  th^-  Interpretation 
will  be  easiest  if  At  is  an  even  number  of  convenient  units.  For  the  scale 
distances  and  wind  speed  listed  above,  t^  - 10  min,  so  either  At  ■ 1 min  or 
At  ■ 2 min  would  be  reasonable  choices.  To  follow  a cloud  of  toxic  gas 
over  long  distances,  one  might  wish  to  increase  At  somewnat. 


Plume  Model  or  Puff  Model 


The  characteristic  times  defined  above  are  useful  in  determining 
whether  the  plume  or  the  puff  model  is  the  most  appropriate.  Clearly  the 
puff  model  is  inappropriate  if  the  time  of  gas  release  is  as  long  or  longer 
than  the  time  needed  to  traverse  the  scale  of  distance  over  which  damage 
may  reasonably  be  expected.  Thus  if  the  time  over  which  gas  is  released, 
tr,  is  greater  than  t^,  the  plume  model  should  be  used.  It  is  also  evident 
that  the  puff  model  is  called  for  if  tr  is  less  than  tj..  For  the  case 
where  tr  is  between  tj  and  t^,  there  is  no  obvious  dividing  line  between 
the  cases  for  which  the  plume  model  is  appropriate  and  the  cases  for  which 
the  puff  model  is  appropriate.  The  line  might  well  be  drawn  in  the  region 
between  3t,  and  t^/3,  however.  If  At  is  chosen  to  be  about  t^/lO,  then  the 
plume  model  may  be  specified  if  tr  is  greater  than  3At  or  5At. 

Lower  Limit  of  Applicability 

For  a spill  to  be  capable  of  causing  damage,  and  also  to  be  validly 
treated  by  the  VM,  it  must  exceed  a certain  size.  When  the  vapor  cloud 
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from  a small  spill  is  concentrated  enough  to  be  hazardous,  it  may  be  smaller 
than  surrounding  structures,  and  so  the  air  dispersion  submodel  will  not 
predict  its  motions  and  spreading  correctly.  If,  when  the  cloud  has  ex- 
panded to  a site  such  that  the  air  dispersion  submodel  will  treat  it  ade- 
quately, the  concentration  of  cargo  vapor  is  so  low  that  the  event  io  no 
longer  of  interest,  then  such  a spill  is  too  Bmall  to  be  considered  by  the 
VM.  If  the  glob  of  vapor  which  is  of  interest  is  considerably  smaller  than 
the  scale  of  the  roughness  of  the  surface,  then  this  glob,  if  near  the  sur- 
face, will  be  inaccurately  treated  by  the  air  dispersion  models.  Since 
vapors  are  no  longer  a threat  when  considerably  elevated,  the  VM  treats  only 
vapors  near  the  ground  or  water  surface, 
i 

| The  scales  L and  V above  were  chosen  for  urban  areas.  For  suburban 

i areas,  these  scale  lengths  must  be  reduced  by  a factor  of  2 or  3.  For  open 

' fields  or  the  sea  surface,  reduction  by  a factor  rear  100  is  in  order. 

| Since  most  of  the  vulnerable  resources  are  concentrated  in  urban  areas, 

the  lengths  used  above  were  chosen. 

I 

| It  is  clear  from  the  way  in  which  the  gaussian  models  were  developed, 

! and  from  observations  of  the  eddies  around  buildings,  that  a glob  of  vapor 

which  is  much  smaller  than  the  buildings  among  which  it  is  found  will  not 
j be  treated  accurately  by  the  VM.  It  follows  then,  that  a glob  of  vapor 

| with  a radius  of  L/10  ■ 10  m is  one  for  which  the  VM  is  inapplicable.  Since 

we  are  interested  in  spills  and  vapors  near  the  ground,  let  us  consider  a 
i hemisphere  of  radius  10  m,  which  has  a volume  of  2100  m3. 

i 
i 

’ An  idea  of  the  minimum  amount  of  material  for  which  the  model  is 

applicable  can  be  obtained  by  calculating  how  much  of  the  substance  this 
hemisphere  would  contain  at  some  lower  significant  concentration.  For  flam- 
mable substances  this  concentration  is  taken  to  be  the  lower  flammable 
, limiting  concentration,  also  known  as  the  lower  flammable  limit.  For  toxic 

| substances,  the  concentration  which  causes  immediate  irritation  has  been 

i used  as  the  significant  concentration, 

i 

i As  a rough  estimate  of  the  lower  limit  of  the  amount  of  a cargo  which 

must  be  spilled  in  order  for  the  dispersion  model  to  be  applicable,  the 
amount  of  the  cargo  necessary  to  create  a hemisphere  of  radius  10  m with  a 
uniform  concentration  at  the  significant  level  has  been  calculated  for  each 
of  the  primary  cargos.  The  results  are  given  in  Table  B3-1. 

This  table  is  interpreted  as  follows:  For  the  case  of  LNG,  it  takes 

53  gallons  to  create  a hemisphere  10  m in  radius  at  the  lower  flammable 
concentration.  A hemisphere  this  small  cannot  be  treated  accurately  by  the 
VM  in  an  urban  area  because  of  the  size  of  the  surrounding  buildings.  If 
the  cloud  were  to  expand  to  a si2e  which  the  VM  does  treat  accurately,  then 
the  vapor  would  be  so  diffuse  that  it  could  not  ignite  and  the  danger  of 
explosion  or  fire  is  not  present.  Thus,  a spill  of  53  gallons  ■ 0.20  m3  of 
LNG  is  too  small  to  be  treated  by  the  VM. 

Since  the  volume  of  a hemisphere  is  proportional  to  the  cube  of  its 
radius,  a spill  of  53,000  gallons  = 200  m3  is  necessary  to  create  a hemi- 
sphere of  radius  100  m at  the  lower  flammable  concentration.  This  hemisphere 
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is  on  Che  same  scale  as  Che  surface  roughness,  and  therefore  represents  the 
order  of  magnitude  of  the  spill  large  enough  to  be  treated  adequately  by  the 
VM.  Between  0.20  m3  ard  200  m3,  the  air  dispersion  submodel  becomes  more 
and  more  applicable  as  the  size  of  the  spill  is  increased,  but  no  definite 
line  can  be  drawn  to  separate  a region  of  applicability  from  a region  of 
inapplicability. 

Thus  the  volumes  in  the  two  righthand  column  of  table  B3-1  represent 
spill  sizes  for  which  the  VM  is  not  applicable.  The  VM  is  certainly  appli- 
cable for  a spill  of  1000  times  as  much  cargo  as  listed  in  these  columns, 
however,  and  for  spills  between  these  two  sizes  the  VM  must  be  applied  with 
caution. 
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TABLE  B3-1 

Volume  of  Liquid  for  the  Five  Priority  Cargos 
Which  I 8 Necessary  to  Create  a Hemisphere 
of  Radius  10  m at  the  Significant  Concentration 


Cargo 


Significant 

Concentration 


Mass  in 
Hemisphere 


Volume  in  Liquid  Phase 


kg 


m 


gallons 


LNG 


Methyl  Alchohol 


Gasoline 


5.3% 


7.3% 


1.4% 


Chlorine 


Anhydrous 

Ammonia 


45  mg/m 


700  mg/m 


80 


210 


130 


0.084 


0.20 


0.27 


0.19 


0.000056 


0.0018 


53 


71 


50 


0.015 


0.48 


APPENDIX  Cl 


IGNITION  SOURCE  CONSIDERATIONS 


As  a further  refinement  to  the  fire  and  explosion  modeling  It  has 
been  suggested  that  gradations  within  the  classes  of  Ignition  sources  be 
considered.  Such  gradations  would  permit  the  user  to  specify  at  a given 
location  a type  of  ignition  source  that  would  be  capable  of  igniting 
some  flammable  materials  but  nor.  others. 

The  approaches  to  implementing  some  type  of  ignition  source  gradation 
in  the  VM  is  based  on  a somewhat  unconventional  use  of  the  concept  of 
flashpoint.  According  to  one  standard  text: 

Flash  Point  of  a liquid  is  the  lowest  temperature 
of  the  liquid  at  which  it  gives  off  vapor  sufficient 
to  form  an  ignitible  mixture  with  the  air  near  the 
surface  of  the  liquid  or  within  the  vessel  used.  By 
"ignitible  mixture"  is  meant  a mixture  within  the 
flammable  range  (between  upper  and  lower  limits)  that 
is  capable  of  the  propagation  of  flame*  away  from  the 
source  of  ignition  when  ignited.  Combustion  is  not 
continuous  at  che  flash  point.  This  term  applies 
mostly  to  flammable  liquids,  although  there  are  certain 
solids,  such  as  camphor  and  naphthalene,  that  slowly 
sublime  (change  from  a solid  to  a vapor)  at  ordinary 
room  temperature  and  therefore  have  flash  points  while 
still  in  the  solid  state. [C— 1 ] 


*By  "propagation  of  flame"  is  here  meant  the  spread 
of  flame  from  layer  to  layer  independently  of  the 
source  of  ignition.  A gas  or  vapor  mixed  with  air  in 
proportions  below  the  lower  limit  of  flammability  may 
burn  at  the  source  of  ignition,  that  is,  in  the  zone 
immediately  surrounding  the  source  of  ignition, 
without  propagating  (spreading)  away  from  the  source 
of  ignition. 

Thus  flashpoint  is  seen  to  be  a property  of  the  flammable  substance; 
flashpoint  is  related  to  two  more  fundamental  properties  of  the  substance, 
viz.  the  limits  of  flammability  and  the  dependence  of  vapor  pressure  on 
temperature.  Nevertheless  flashpoint  gives  a measure  of  the  ease  by 
which  a particular  substance  may  be  ignited.  The  lower  the  flashpoint, 
the  easier  it  is  to  ignite  the  material. 

Since  flashpoint  is  a commonly  accepted  measure  of  flammability,  it 
seems  reasonable  to  "turn-the-tables"  and  use  flashpoint  as  the  basis  for 


( C— 1 ) Fire  Protection  Handbook,  p.  4-8  ff.  G.  H.  Tryon,  ed . - i n-chief . 
National  Fire  Protection  Association,  Boston,  1969. 
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Preceding  page 


a measure  of  Ignition  source  strength. 


At  the  present  time  it  seems  undesirable  to  perform  the  data  prepara- 
tion and  modeling  required  to  characterize  real-world  ignition  sources, 
their  ability  to  Ignite  a certain  hazardous  cargo,  and  their  distribution 
spatially  and  temporally.  Instead  a less  detailed  model,  that  is  more 
easily  developed  and  used,  is  desired.  Again  the  user  should  be  able 
to  keep  all  parameters  of  a simulation  fixed  except  the  type  of  flamma- 
ble substance  and  have  an  ignition  for  one  substance,  but  no  ignition 
for  another.  Basing  the  ignition  source  strength  on  flashpoint  permits 
the  user  to  have  this  capability.  Powerful  ignition  sources  will  ignite 
all  combustible  materials;  weak  ignition  sources  will  only  be  able  to 
ignite  very  flammable  substances,  i.e.  those  with  very  low  flashpoints. 

One  approach  to  providing  such  gradations  would  be  to  designate  an 
ignition  temperature  for  each  ignition  source.  Those  materials  (generally 
flammable  liquids)  that  have  a flashpoint  less  than  or  equal  to  the  given 
ignition  temperature  would  be  ignited  (provided  of  course  that  the  vapor- 
air  mixture  had  a concentration  within  the  ignitable  range),  while  those 
materials  with  a flashpoint  above  the  given  ignition  temperature  would  not 
be  ignited.  This  rather  unconventional  application  of  the  concept  of  flash- 
point is  primarily  an  attempt  to  allow  the  user  to  specify  ignition  sources 
of  different  strengths;  thus  two  simulations  having  the  same  input  data, 
except  for  the  type  of  substance  spilled,  will  yield  ignition  in  one  case 
but  not  in  the  other.  Flashpoint,  of  course,  is  a material  property  en- 
compassing a set  of  physical  and  chemical  parameters  such  as  volatility, 
ignitibility , specific  heat,  and  vapor  density.  The  use  of  flashpoint 
to  characterize  ignition  sources  is  recognized  to  be  an  artifice  without 
a clear  phenomenological  basis.  However,  it  does  allow  the  user  of  the 
VM,  albeit  in  an  artificial  manner,  to  vary  the  strength  of  the  ignition 
sources  specified.  Another  approach  to  providing  gradations  of  the  fire-type 
ignition  source  would  be  to  characterize  ignition  sources  on  the  basis 
of  the  standard  classifications  of  flammable  liquids.  Table  Cl-1  shows 
the  ICC  and  NFPA  classifications  for  flamma’ le  liquids.  An  ignition 
source  given  a certain  level  designation  would  be  capable  of  igniting  all 
those  substances  whose  flashpoints  fell  within  the  limits  for  that  level 
and  would  be  capable  of  igniting  all  those  substances  whose  hazard  level 
was  greater.  For  example,  using  the  NFPA  classification  an  ignition 
source  designated  moderate  could  ignite  methyl  alcohol  (flashpoint  - +65°F, 
within  the  moderate  range)  as  well  as  gasoline  (flashpoint  = -50®F,  within 
the  high  range);  however,  it  would  not  ignite  spirits  of  turpentine 
(flashpoint  “ V5°F,  within  the  slight  range)  nor  would  it  ignite  olive 
oil  (flashpoint  ■ 437®F,  within  the  combustible  range). 

For  the  Vulnerability  Model,  the  NFPA  classif icat ion  of  flammable 
substances  is  used  as  the  basis  for  ignition  source  differentiation.  The 
flashpoint  of  flammable  substances  is  not  currently  included  in  the  proper- 
ties file;  consequently  this  information  will  be  provided  as  input  data 
until  the  properties  file  is  revised.  Guidelines  will  be  provided  to  the 
user  suggesting  which  type  of  ignition  source  to  use  depending  on  the  land 
use  or  some  other  indicator  of  human  activity.  For  computerization  the 
ignition  sources  are  denoted  by  a single  digit  code  as  indicated  in 
Table  Cl-2.  An  ignition  source  designated  by  "0"  means  no  ignition  regard- 
less of  the  flammability  class  of  the  spilled  substance. 
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For  ignition  source  codes  1 through  4 ignition  will  occur  provided 
the  flashpoint  of  the  material  spilled  is  less  than  or  equal  to  the  upper 
bound  of  the  NFPA.  range  indicated.  This  relationship  between  ignition 
source  code  and  the  flashpoint  of  substances  subject  to  ignition  is  given 
in  Table  Cl- 3.  If  the  sign  of  the  code  is  positive,  then  the  ignition 
source  is  understood  to  cause  conflagration  only;  i.e.,  the  flash  fire 
submodel  is  to  be  selected.  If  the  sign  of  the  code  is  negative,  then 
the  ignition  source  is  understood  to  cause  detonation;  i.e.,  the  explosion 
submodel  is  to  be  selected. 
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I 


ICC 


flash  point 

fire  hazard 

< 80°F 

high 

80*F-350*F 

moderate 

> 350eF 

slight 

II.  NFPA: 

flash  point 

fire  hazard 

< 20°F 

high 

208F-70°F 

moderate 

708F-200°F 

slight 

> 200°F 

combustible 

TABLE  Cl-1 


CLASSIFICATION  SYSTEMS  FOR  FLAMMABLE  LIQUIDS  [C-2] 


Code 

NFPA  Classification 

Ignition  potential 
of  the  source 

Flash  point  of 
substances  ignited 
by  the  source 

Fire  hazard  of 
substances  ignited 
by  the  source 

mm 





none 

< 20°F 

high 

low 

20°F-70°F 

moderate 

moderate 

70°F-200°F 

slight 

high 

mm 

> 200°F 

combustible 

all  combustibles 

TABLE  Cl- 2 


NUMERICAL  DESIGNATION  OF 
IGNITION  SOURCE  STRENGTH  USED  IN  THE  VM 


Ignition 

Source 

Code 

Flash  point  of  Spilled  Material 

Ignition 

No  Ignition 

0 

none 

all 

1 

F.P.  < 20°F 

F.P.  > 20SF 

2 

F.P.  < 70'F 

F.P.  > 70°F 

3 

F.P.  < 20u‘F 

F.P.  > 200°F 

4 

all  combustibles 

only  non-combustibles 

TABLE  Cl-3 

RELATIONSHIP  BETWEEN  IGNITION  SOURCE 
CODE  AND  FLASH  POINT  OF  SUBSTANCE  IGNITED  OR  NOT  IGNITED 


(C-2)  Dangerous  properties  of  industrial  materials,  3rd  ed.,p.  198. 
N.I.  Sax,  ed . Van  Noatrand  Reinhold  Co.,  New  York,  1968. 
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APPENDIX  C2 


CALCULATION  OF  THE  AMOUNT  OF  FUEL  CONSUMED 


Three  ways  of  calculating  the  mass  of  fuel  consumed  were  considered. 

An  upper  bound  on  the  quantity  consumed  is  provided  by  assuming  that  all 
the  fuel  at  a concentration  above  the  lower  limit  of  flammability  burns 
completely;  i.e. 

- / C(x,y,z)  dr  (C2-1) 

Vl 

where 

C (x,y,r.,t)  = the  concentration  of  the  fuel  (kg/m^) 
dx  ” element  of  volume 

V3  » the  region  enclosed  by  the  surface,  C (x,y,z,t)  ■ Kl  (lower 

explosive  limit*)  In  the  half-space  z ^0. 

A second  estimate  of  the  quantity  of  fuel  consumed  is  obtained  by 
assuming  that  all  the  fuel  at  a concentration  between  the  upper  and  lower 
flammability  limit  is  consumed;  for  this  case 

me?  = / C (x,y,z,t)  dx  (C2-2) 

V2 

where  V2  is  the  region  enclosed  by  the  two  surfaces,  C (x,y,z,t)  » Kl  and 
C (x,y,z,t)  ■ Ky  (upper  explogive  limit)  on  the  half-space  z^O. 

A lower  limit  of  the  quantity  of  fuel  consumed  is  obtained  by  assuming 
(1)  only  fuel  at  concentrations  within  the  flammability  range  is  consumed 
and  (2)  the  fuel  is  not  necessarily  consumed  completely,  but  is  consumed 

only  to  the  extent  that  sufficient  oxygen  is  present.  Thus,  for  this  case 


” / C (x,y,z,r)  dt  + / F(C)  C(x,y,z,t)  dx  (C2-3) 

v3  V4 

where 

V3  = the  region  enclosed  by  the  surfaces  C (x,y,z,t)  = Kl  and 
C (x,y,z,t)  “ Kg  (stoichiometric)  in  the  half  space  z^O. 

« the  region  enclosed  by  the  surfaces  C (x,y,z,t)  ■=  K^and 
C (x,y,z,t)  = Kg  in  the  half  space  z 0. 

and  F (c)  is  a weighting  function  giving  the  fraction  of  the  fuel  present 
that  enters  into  the  combustion  reaction.  That  is,  if  the  fuel-air  mixture 
is  richer  than  stoichiometric  then  we  desire  to  compute  the  weighting 

* * ~ ~ n ' ' ' 

Although  some  authors  distinguish  between  flammable  and  explosive  limits 
of  concentration,  many  other  authors,  including  several  standard  references 
do  not.  Certainly  for  many  cases  of  diffuse  vapor  clouds  the  distinction 
may  well  be  impossible  to  make.  Therefore,  for  the  purposes  of  the  VM, 
explosive  and  flammable  limits  are  taken  to  be  identical. 
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function,  F (C) , which  ia  the  mass  fraction  of  fuel  present  that  is  consumed, 
i.e. 

F (C)  - (C2-4) 

np 


Me  ■ the  mass  of  fuel  consumed 
and  Mp  ■ the  mass  of  fuel  present. 

These  masses  are,  of  course,  proportional  to  the  number  of  moles  in  each 


category,  i.e. 

M<.  » nc  Mf 

(C2-5a) 

Mp  - np  Mf 

(C2-5b) 

where 


n£  = number  of  moles  of  fuel  consumed 
np  - number  of  moles  of  fuel  present 
Mf  * molecular  weight  of  the  fuel. 

Then  the  mass  fraction  consumed  can  be  written  as, 

F <C)  - S*  (C2-6) 

nP 

The  combustion  reaction  of  the  fuel  can  always  be  written  in  the  form. 


1 mole  fuel  + L moles  O2  _r  reaction  products. 

Since  air  is  21%  oxygen  by  weight,  if  one  mole  of  fuel  requires  L moles  of 
of  oxygen  for  complete  combuscion  (i.e.  a stoichiometric  mixture),  then  one 
molu  of  fuel  will  require  (L/0.21)  moles  of  air.  Phrased  another  way, 
each  mole  of  reacting  air  will  consume  (0.21/L)  moles  of  fuel.  Hence  the 
number  of  moles  of  fuel  consumed,  nc,  can  be  related  to  the  moles  of  air 
present  in  the  rich  mixture  by, 

nc  - (~i)  na  (C2-7 ) 

where  , 

na  • number  of  moles  of  air  present  in  the  rich  mixture  (all  the  0£ 
is  presumed  consumed). 

Thus  the  mass  fraction  is  written  as, 


F (C) 


,0^  la 

L np 


(C2-8 ) 


The  quantities  na  and  np  represent  the  number  of  moles  of  each  component 
present  in  the  two-component  fuel-air  mixture.  The  total  number  of  moles 
present  is  given  by, 

n “ na  + np  (C2-9) 
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where  , 


n ■ the  total  number  of  moles  in  the  two  component  mixture. 


Now  assuming  that  the  perfect  gas  law  holds  for  the  fuel,  the  air,  and  the 
mixture  of  the  two,  we  may  write  for  a system  containing  hypothetical  fuel  only. 


P 


PfRT 

~w~ 


(C2-10 


where 

P • the  total  pressure 

T ■ the  temperature 

R * the  perfect  gas  law  constant 

Pf  ■ the  density  of  the  fuel  at  temperature,  T,  and  pressure,  P 

But  the  perfect  gas  law  may  also  be  written,  for  an  elemental  volume  V of 
the  mixture  as. 


(C2-11) 


or 


n 


PV 

RT 


hence  by  the  use  of  equation  (C2-10),  where  identical  temperatures  and  pressures 
are  assumed  for  the  mixture  and  the  system  containing  only  fuel, 


n 


Vpf* 

W 


(C2-12) 


Now  for  an  elen^ntal  volume  of  the  mixture  the  mass  of  fuel  present  is 
gi  en  by, 


Mp  - CV  (C2-13) 

hence  the  number  of  moles  present  is  given  by, 

* £f  • §7  (c2_u) 

F.earranging  equation  (C2-9) , 

11  a * n - np 


* 

Also  note  that 


n 


Ma 


This  is  a consequence  of  Aragandro's  Law. 
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1~TV  iVHf 


i.«qh  Byw»jm» 


and  substituting  equations  (C2-12)  and  (C2-14)  in  the  result  yields. 


«a 


vPf  CV 
Kf-  ‘ Mf 


(Pf-C) 


(C2-15) 


Note  that  when  C“pf  the  mixture  is  pure  fuel  and  the  number  of  moles  of  air 
as  given  by  equation  (C2-15)  ia  zero.  Using  this  result  and  equation  (C2-14) 
the  mass  fraction,  as  given  by  equation  (C2-8)  can  be  written  as. 


or 


F (C)  - 


CV 

Mf 


C) 


F (C)  - 


(Ml)  (H  _ d 


(C2-16) 


Now  that  the  weighting  function,  F (C),  has  been  determined  the  third 
estimace,  me  (the  estimate  ultimately  used)  for  fuel  participating  in 
rapid  combustion, can  be  computed. 

Thus  equation  (C2-3)  becomes 

«te3  =>  / CdT  + (pf  V4  - / Cdr]  (C2-17) 

v3  V4 


where 


V4  is  the  volume  of  region  V^. 

To  simplify  the  treatment  of  the  volume  integrals  that  occur  in  equations 
(C2-1),  (C2-2),  and  (C2-17),  only  surface  spills  will  be  considered.  This 
is  consistent  with  restrictions  already  made  in  this  program.  Furthermore, 
the  general  behavior  is  expected  to  be  the  same  regardless  at  what  height 
the  spill  occurs.  For  a surface  spill,  the  concentration  according  to  the 
CHRIS  model  is  given  by, 


C(x,y,z, t) 


2m 

(2TO3/20xoy0z 


exp 


r(x-Ut)2 

[ “2  J- 


(C2-18) 


where 


Ox- Oy, az  = the  variances  of  the  Gaussian  concentration  profile  in  the 
respective  directions  (m) 

m ■ the  total  mass  of  spill  in  the  vapor  phase 
x,y,z,  ■ coordinates 
U ■ wind  velocity 
t “ time 
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By  performing  the  coordinate  transformation, 


r sin  6 cos  4> 


r sin  9 sin  $ 


r cos  9 


(C2- ,9b) 


(C2-19c) 


the  volume  Integrals  bounded  by  surfaces  of  constant  concentration  can  be 
transformed  to  a more  convenient  form.  Thus,  for  example,  for  equation 
(C2-1)  we  get, 


me 


1 ' (2 


2m 


:m  r 

TjTT?  J 


rL  ~r2/2 


dr 


where 


, . 0 , 2m , ,1/2 

rL  3 12  Zn  ((2ir)3/2oxay02KL)] 

and  Kl  * concentration  at  the  lower  explosive  limit  (kg/m^) , 


(C2-20a) 


(C2-20b) 


If  the  quantity 
2m 

(2n)3/2o^jyjzKL 


is  less  than  one,  the  logarithm  is  negative;  i.e.  there  is  no  real  solution 
for  rL.  What  this  means  physically  is  that  the  variances  (0x,°y.az)  are 
so  large  that  the  concentration  everywhere  in  the  vapor  plume  is  less  than 
Kl.  For  such  a case  the  exploding  mass  ie  obviously  to  be  taken  to  be  zero. 
On  the  other  hand  when  the  variances  are  small  (this  is  the  case  soon  after 
the  time  of  release  of  the  vapor),  tl  becomes  very  large.  In  such  a case 


o 


for  tl>>  1 


so  that  me^  ^ m. 


In  other  words  almost  the  entire  mass  of  vapor  released  burns  or 
explodes.  Since  the  explosive  yield  of  spills  never  spems  to  be  greater 
than  10  percent  of  the  total  yield  available  from  all  the  material  spilled(C3] 
the  approximation  given  by  may  grossly  overestimate  the  yield.  The 
overestimation  will  occur  at  time3  soon  after  the  spill  when  most  of  the 
mass  is  still  undiffused  and  therefore  contained  within  the  lower  explosive 
limit  contour.  Therefore,  is  rejected  as  a suitable  approximation  to  the 
mass  of  vapor  that  enters  in  the  explosive  reaction. 


[C3]  Brown,  John  A.  A study  of  the  growing  danger  of  detonation  in 
unconfined  gas  cloud  explosions.  John  Brown  Associates,  Inc. , 
Berkeley  Heights,  New  Jersey.  December  1973. 


The  second  estimate  of  exploding  mass  given  by  equation  (C2-2)  gives 
more  reasonable  answers;  however  this  estimate  also  seems  to  give  values 
which  are  generally  too  high.  Thus  equation  (C2-2)  becomes, 


rL  , 

-2m  , -r  /2  2 ^ 

®e2  * <2it)1/2  / e r dr 

*0 

where  r^  is  given  by  equation  (25— b ) and 
'»  • [2 

and  Kjj  * concentration  at  the  upper  explosive  limit  (kg/m^) 


(C2-21a) 


(C2-21b) 


Equations  (C2-20b)  and  (C2-21b)  may  be  combined  to  yield. 


rL 


2 (7t> 


(C2-22) 


From  equation  (C2-22)  it  is  clear  that  the  integration  limits  in  equation 
(C2-21a),  viz ■ tl  and  rjj,  are  not  independent.  In  a sense  me?/®,  the  fraction 
of  available  mass  that  this  estimate  gives  as  exploding,  can  be  treated  as  a 
function  of  the  lower  limit  of  integration  ry,  with  the  explosive  limits  ratio, 
[Ku/Kl 1 a parameter.  For  any  given  ry  the  integration  interval  (hence  m^/®) 
is  increased  as  the  ratio,  [Ku/Kl],  is  increased.  This  is  what  one  would 
expect  physically. 

If  r^  is  taken  to  be  very  large,  rL  is  also  very  large  and  the  integral 
is  small.  The  case  of  ru  large  corresponds  to  times  soon  after  the  spill 
when  very  1.'  tele  mass  is  contained  in  the  region  between  the  explosive  limits. 
As  stated  previously,  whenever  the  argument  of  the  square  root  in  equations 
(C2-20b)  and  (C2-21b)  is  negative  the  radius,  ru  or  ru,  is  to  be  set  equal  to 
zero.  Thus  for  very  diffuse  vapor  clouds  both  ru  and  approached  zero.  In 
that  case  the  integral  also  zero.  Thus  the  estimate  me2  has  the  desirable 
property  that  very  rich  or  very  lean  vapor  clouds  both  tend  to  have  small 
explosive  yield,  while  at  some  intermediate  point  the  explosive  yield  is 
maximum.  This  behavior  is  what  is  expected  to  occur. 

It  appears  that  the  largest  yield  is  obtained  when  r^  = 0.  Values  of  m^/m 
are  plotted  as  a function  of  Ku/Kl  in  Figure  C2-1.  Values  of  Ku/Kl  for  four 
flammable  substances  of  special  interest  are  given  in  Table  C2-1.  As  shown  in 
Figure  C2-1,  when  Ku/Kl  is  large  (e.g.  for  acetone  Ku/Kl =32)  nearly  the  entire 
mass  of  vapor  is  within  combustible  limits.  Even  for  substances  less  pernicious 
than  acetone,  for  example,  methanol  with  Ku/Kl  = 5,  more  than  60%  of  the 
vapor  explodes.  This  estimate  gives  yields  which  are  several  times  more 
than  the  five  to  ten  percent  of  mass  spilled  that  has  been  observed.  Con- 
sequently it  seems  appropriate  to  use  the  lowest  estimate,  mg^. 

By  using  the  transformation  of  coordinates  given  by  equations  (C2-19), 
equation  (C2-17)  may  be  rewritten  as, 
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'IGURE  C2~’..  Vcrinti 


Ku/KL 

Ammonia 

1.563 

Gasoline 

5.429 

Methane 

2.642 

Methanol 

5.00 

TABLE  C2-1 

RATIOS  OF  UPPER  EXPLOSIVE  LIMIT 
CONCENTRATION,  Ku , TO  LOWER  EXPLOSIVE 
LIMIT  CONCENTRATION,  KL/  FOR  FOUR  SUBSTANCES 
OF  SPECIAL  INTEREST, 
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TTIq 


n “ 2 [S(rL)-S(rs)l  -0.42  (S(rs)-S(ru) ] 
0.21  P f V4 


ra 


where 

rg  ■ [2  in  (■ 


2m 


< 2tt  ) '2o  a a Ke 
x y z 5 


-)] 


1/2 


Kg  ■ stoichiometric  concentration  (kg/ra^) 
and  where 

f 1 


S (r) 


(2TT)V2 


2 

X 

2 ^2 


xz  dx 


or 


S (x)  = P(r)  - -1—  r e"2 

/2tt 


where 


2 


p <r>  = / e~7  dx 


(C2-23) 


(C2-24) 


(C2-25) 


(C2-26) 


(C2-27> 


C2TT)  V2 

is  the  cumulative  normal  probability  function.  Now  from  equation  (C2-2lb) 


2tn 

(2 *}\0yaz  VU  Pf 


r2 
e rU 


(C2-28) 


since 

Ky  = VL,  3f 

where  Vy  is  the  volume  fraction  of  vapor  at  the  upper  explosive  limit. 
Furthermore,  the  volume  of  the  ellipsoidal  shell  comprising  V4  is  given  by, 


V4 


-rf  OOO  (r?  - rfj) 
3 x y z S u 


(C2-29) 


Combining  these  two  results  gives, 


o.  V. 

_t 4 

m 


2 e~rU  (r |-rjj) 

3 (2tt)  1 (/  2 vL, 


(C2-30) 


hence  the  mass  ratio  given  by  equation  (C2-23)  becomes, 

~~  = 2[S(rL)-S(rs)]  - [S(rs)-S(ru)l 

^ 0J_21  2 e'rU  (rg-rjj) 


(C2-31) 


L 3(2tt>  V2  vIT 
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/*gain  this  estimate  appears  to  give  a maximum  value  when  r^  ■ 0.  For 
that  condition  and  for  methanol  (Ku/Kl  ■ 5,  Ky/Ks  ■ 2.9723)  me3/n  has  a 
value  of  0.216.  This  value  is  still  higher  than  observed  explosions;  how- 
ever, the  value  of  me3/m  ■ 0.216  is  favorably  smaller  than  the  value  me. /m 
■ .641  obtained  for  Ku/Kl  ■ 5.  Therefore  me3  should  be  used  as  the  estimate 
of  mass  exploded  because  (1)  this  estimate  exhibits  a maximum  value  as 
expected  physically,  (2)  the  apparent  maximum  value  for  a typical  explosive 
vapor  is  conservative;  l.e.  the  explosive  yield  predicted  is  probably 
larger  than  that  actually  obtained,  and  (3)  this  estimate  depends  upon  the 
stoichiometric  concentration  as  well  as  the  upper  and  lower  explosive 
limits;  therefore,  it  is  physically  more  realistic. 
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APPENDIX  C3 

EQUIVALENCY  OF  CHANGE  IN  HELMHOLTZ  FREE  ENERGY 
AND  CHANGE  IN  ENTHALPY  FOR  ESTIMATING 
THE  YIELD  OF  VAPOR-AIR  EXPLOSIONS 


To  show  the  close  agreement  between  the  change  in  Helmholt2  free 
energy  and  the  change  in  enthalpy,  proceed  as  follows.  By  definition, 

H - E + PV  (C3-1) 

where , 

H » enthalpy 
E - internal  energy 
P - pressure 
V = volume 

Differentiation  of  equation  (C3-1)  yields, 

dH  * dE  + P dV  + V dP 

and  for  an  isobaric  process  this  becomes 

dH  ■ dE  + P dV  (C3-2) 

The  usually  accepted  standard  heat  of  combustion  is  the  change  in 
enthalpy  resulting  from  the  combustion  of  a substance,  in  the  state  that 
is  stable  at  25°C  and  atmospheric  pressure,  with  the  combustion  beginning 
and  ending  at  a temperature  of  25°C.  Thus  the  tabulated  values  for  change 
in  enthalpy  resulting  are  for  an  isobaric  process.  Thus  equation  (C3-2) 
may  be  written  as, 

AH  « AE  + P AV  (C3-3) 

According  to  Kinney  [C4],  the  energy  yield  of  an  explosion  is  gLven 
approximately  by  the  change  in  Helmholtz  free  energy,  -AA;  -AA  is  com- 
puted using, 

-AA  ■ -AE  + T AS  (C3-4) 

where, 

AE  is  the  heat  of  explosion  measured  at  constant  volume 
T is  the  temperature  and 

AS  is  the  change  in  entropy  for  the  isothermal  process. 


[C4]  Kinney,  Gilbert  Ford.  Explosive  Shocks  in  Air,  p.  11. 
Co. , New  York,  1962. 


The  MacMillan 
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The  quantity  E has  the  same  meaning  in  equation  (C3-3)  and  (C3-4). 
Combining  equations  (C3-3)  and  (C3-4)  gives 


-AA  « -AH  + P AV  + T AS 


l 

f 

i 

L 


I 

i 

I 

I 

I 


I 


i 


or 


(-AA  + AH)  - P AV  + T AS  (C3-5) 

Equation  (C3-5)  states  that  the  difference  between  -AA  and  -AH,  the 
alternative  quantities  used  to  compute  explosive  yield,  is  given  by 
(P  AV  + T AS) . 

Consider  the  combustion  of  methane  by  the  reaction, 

CH4  + 2 02  ■*  C02  + 2 H20  (C3-6) 


Since  three  moles  of  gaseous  reactants  combine  to  produce  three  moles 
of  gaseous  combustion  products,  there  is  no  change  in  volume,  i.e.,  at  the 
same  temperature  and  pressure  (by  definition  the  reactant',  and  products 
are  brought  to  760  ran  Hg  at  259C),  volumes  of  gas  containing  equal  number 
of  moles  are  of  equal  volumes  (Avogadro's  Law  {C5]).  Thus  for  the  reaction 
given  by  equation  (C3-6) , AV  in  equation  (C3-4)  is  zero. 

Now  for  a mixture  of  ideal  gases,  the  entropy  is  given  by, 


S - R 


! 


k“l 


nk  (°k  “ In  P - In  Xfc) 


where 


Ok 


1 

R 


(C3-7) 


(C3-8) 


and 


S ■ entropy  of  mixture 

* number  of  moles  of  gas  species  "k" 
P - pressure 

» mole  fraction  of  gas  species  "k" 
Cpk  - specific  heat  of  gas  species  "k" 

R » gas  constant 

SQ^  * standard  molar  entropy  at  STP 


[C5]  Hougen,  O.A.,  K.M.  Watson,  and  R.A.  Ragatz,  Chemical  Process 

Principles,  Part  I,  p.  305.  John  Wiley  6 Sens.  Inc.,  New  York.  1959. 


Equation  (C3-7)  now  can  be  used  to  calculate  the  entropy  on  both 
sides  of  the  reaction  (C3-6)  so  that  the  change  in  entropy  can  be  computed. 
Note  that  the  terms 

2 

- R Z nu  In  P 

k-1 

and 

2 

- R Z nu  In  Xj. 

k-1  * k 


are  identical  on  either  side  of  the  reaction.  Hence, 


AS 


SR  ‘ SL  " S°C02  + 2 S°H20 


(where  SR,  Sl  are  the  entropy  on  the  right  and  left  hand  sides  respectively 
of  the  reaction  (C3-6) . 


Following  through  the  computation  with  tabulated  values  gives, 


AS  - -1.28 


cal 

g-mole- °K 


hence , 

TAS 


-381.44 


cal 

g-mole 


(C3-9) 


(C3-10) 


Referring  again  to  equation  (C3-5)  we  see  that  the  difference  between 
-AA  and  -AH  is  -381.44  cal/g-mole.  However  the  value  of  AH  for  the  com- 
bustion of  methane  is  -212.798  x 10^  cal/g-mole.  In  other  words,  for  this 
reaction  the  error  made  in  using  -AH  to  represent  -AA  is  of  the  order  of 
1/10  of  one  percent. 


Now  consider  the  combustion  of  n-octane  by  the  reaction, 

c8h18  + Y °2  8co2  + 9H2°  (C3-11) 


Again  using  equation  (C3-7)  we  obtain, 


AS 


107.385 


cal 

g-mole- °K 


(C3-12) 


In  the  combustion  of  n-octane,  however,  the  number  of  moles  of  gas 
changes,  hence  the  term  PAV  in  equation  (C3-5)  is  not  zero.  From  the 
perfect  gas  law, 
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PV  - nRT 


(C3-13) 


1C  can  be  shown  for  a reaction  in  which  the  reactants  and  product  are 
brought  to  the  sane  temperature  and  pressure,  that 

AV  - AnRT  (C3-14) 

where  An  is  the  change  in  the  number  of  moles  in  the  gas  phase  by  virtue 
of  the  reaction.  For  the  reaction  given  by  equation  (C3-11) 

An  - -3.5 

Thus  the  total  difference  between  -AA  and  -AH  is 

2.993  x 10“  cal 
g-mole 

But  the  heat  of  combuslon,  -AH,  for  n-octane  is  1.307  x 106  cal/g-mole. 
In  other  words,  the  error  is  of  the  order  of  two  percent. 

These  rather  lengthy  calculations  have  been  performed  to  demonstrate 
that  the  change  in  enthalpy  is  indeed  a good  approximation  to  the  change 
in  Helmholtz  free  energy.  The  energy  available  from  the  terms  PAV  and 
TAS  are  very  Important  for  the  condensed  phase  explosives  with  which 
Kinney  [ C4 1 was  mainly  concerned;  however,  for  gas  mixture  explosions, 
with  which  we  are  concerned,  these  terms  are  negligible. 
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APPENDIX  C4 


CORRECTION  TO  HEATS  OF  COMBUSTION 


Correction  for  Water  Heat  of  Vaporization 

The  value  for  heat  of  combustion,  - AH,  used  in  Chapter  4 to  determine 
explosive  yield  (equation  4-2),  is  for  final  products  that  include  water 
vapor;  most  handbooks  give  - AH  for  final  products  that  include  liquid  water. 
These  values  for  - AH  must  be  corrected  for  the  heat  of  vaporization  of 
water. 

This  correction  is  given  by, 

- AHy  - - AH  - nw  Aw  (C4-1) 

where 

- AHy  **  heat  of  combustion  corrected  for  water  vaporization 

- AH  « handbook  value  for  heat  of  combustion 

nw  - number  of  moles  of  water  formed  per  mole  of  fuel  burned 

A^,  ■ heat  of  vaporization  of  water. 

For  the  combustion  of  methane  as  given  in  equation  (C 3— 6 ) the  correction 
factor  is  -19.43  x 103  cal/g-mole  or  about  a nine  percent  correction.  For 
the  combustion  of  n-octane  as  given  by  the  reaction  in  equation  (C3-11)  the 
correction  factor  is  0.08745  x 106  cal/g-mole  or  about  a seven  percent 
correction. 

Correction  for  Fuel  Heat  of  Vaporization 

The  value  for  heat  of  combustion,  used  in  Chapter  4 to  determine 
explosive  yield  (equation  4-2),  - AH,  is  for  an  initially  vaporized 
(gaseous  phase)  fuel. 

Heats  of  combustion  are  usually  reported  for  the  substance  in  the 
normal  state  at  25°C.  Since  the  reaction  of  interest  ic  for  a substance 
normally  a liquid  at  25°C,  then  unless  specified  otherwise,  the  handbook 
value  must  be  corrected  to  account  for  the  heat  of  vaporization  of  the 
fuel.  This  correction  is  given  by, 

- AHf  = - AH  - Af  (C4-2) 

where 

- AHf  - heat  of  combustion  corrected  for  fuel  vaporization 

Af  •>  heat  of  vaporization  of  the  fuel. 

Since  methane  is  gaseous  at  25°C  and  760  mm  Hg,  no  correction  is 
required  for  the  combustion  of  methane.  For  n-octane,  which  is  a liquid 
at  standard  conditions,  the  correction  factor  is  -9221  cal/g-mole  or  about 
0.7  percent,  For  substances  less  easily  vaporized  the  correction  factor 
will,  of  course,  be  larger. 
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APPENDIX  C5 


DAMAGE  POTENTIAL  OF  CONFINED  EXPLOSIONS 


The  following  two  charts  give  a measure  of  the  damage  potential  of 
confined  explosions.  The  charts  consider  the  energy  yield  available  when 
confined  spaces  are  filled  with  combustible  mixtures.  The  charts  do  not 
address  the  more  sophisticated  consideration  of  what  seepage  rates  into  and 
out  of  structures  will  produce  combustible  mixtures  in  the  presence  of  a 
time  varying  atmospheric  concentration.  Neither  do  the  charts  address 
the  additional  hazard  from  fragments  expected  for  confined,  rather  than 
unconfined  explosions. 

The  first  chart  gives  the  explosive  yield  as  a function  of  volume 
resulting  from  the  ignition  of  a stoichiometric  mixture  of  the  materials 
noted,  presuming  the  volume  is  completely  filled  with  a stoichiometric 
mixture . 

The  second  chart  shows  the  effect  on  energy  yield  as  a function  of 
volume  when  the  concentration  is  varied  away  from  stoichiometric;  of  course 
for  any  concentration  other  than  stoichiometric  the  energy  yield  is  less 
given  the  same  enclosed  volume  of  vapor-air  mixture.  The  substance  is 
methanol.  Ratios  of  0.6  and  3 correspond  approximately  to  the  lower  and 
upper  explosive  limits,  respectively. 


226 


APPENDIX  D 


DAMAGE  TO  VULNERABLE  RESOURCES  FROM  FIRE  AND  EXPLOSION 


In  this  appendix  further  detail  is  provided  about  the  basis  for  damage 
assessment  in  the  event  of  fire  or  explosion.  Since  the  physical  phenomena 
causing  the  damage  in  a fire  are  quite  different  from  the  damage-causing 
phenomena  in  an  explosion,  the  damage  assessment  for  fire  is  discussed 
separately  from  that  for  explosion.  Furthermore  under  each  of  the  separate 
discussions  for  fire  and  explosion,  damage  to  each  type  of  vulnerable 
resource  is  treated  separately;  people  and  structures  are  the  two  types 
of  vulnerable  resource  considered.  Damage  from  explosion  will  be  described 
first  since  damage  from  this  source  is  likely  to  be  more  serious  than  from 
either  a flash  fire  or  pool  burning. 

EXPLOSION  DAMAGE 


In  assessing  damage  from  explosions  that  result  from  spills  of 
hazardous  materials,  considerable  use  is  made  of  studies  performed  for 
and  by  the  military;  these  studies  assess  damage  from  both  conventional 
and  nuclear  weapons. 

As  mentioned  in  Chapter  4 of  this  report,  the  blast  wave  resulting 
from  a diffuse  explosion  behaves  differently  than  a standard  condensed 
phase  explosion  (like  TNT)  and  certainly  behaves  differently  than  a 
nuclear  explosion.  Nevertheless,  the  assumption  that  diffuse  and  con- 
densed phase  explosions  are  similar  yields  small  errors  compared  to  those 
errors  given  by  same  other  assumptions.  Since  much  of  the  damage  assess- 
ment analysis  is  p-esented  in  terms  of  basic  blast  wave  parameters  (say 
overpressure, rather  than  the  TNT  yield),  if  the  analyses  becomes  available 
to  predict  the  behavior  of  diffuse  explosions,  these  predicted  values  may 
be  used  with  the  preexisting  data  to  provide  a more  accurate  damage  assess- 
ment. In  the  absence  of  a convincing  and  complete  analysis  of  diffuse 
explosions,  the  approach  will  be  to  treat  the  diffuse  explosions  as  con- 
densed phase  explosions  and  assess  damage  accordingly.  This  approach  is 
certainly  state-of-the-art  and  is  consistent  with  approximations  in 
modeling  made  elsewhere  in  the  VM. 

Damage  to  Personnel 

In  choosing  models  to  describe  damage  from  explosions  several  sources 
were  consulted,  but  primary  among  these  is  a recent  document  [Dl]  prepared 
for  the  Department  of  Defense  Explosives  Safety  Board  which  is  a com- 
pendium of  assessment  techniques  for  damage  from  conventional  explosions. 

In  this  and  other  references,  damage  to  personnel  is  classified  into 
three  categories: 


(Dl)  Fugelso,  L.E.,  L.M.  Weiner,  and  T.H.  Schiffman.  Explosion  effects 
computation  aids.  General  American  Research  Division,  General 
American  Transportation  Corporation,  Niles,  Illinois,  June  1972. 
CARD  Project  No.  1540,  AD903279  L - (the  limited  distribution 
denotation  on  this  document  has  recently  been  lifted). 
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(1)  primary  damage  - direct  blast  effects  (Interaction  between  the 
blast  wave  and  personnel  only,  with  no  other  intervening  or 
associated  factors) 

(2)  secondary  damage  - damage  from  missiles  and  fragments 

(3)  tertiary  damage  - damage  from  translation  and  subsequent  col- 
lision with  an  obstacle. 

These  categories  of  blast  injury  are  based  on  the  mechanism  of  damage 
and  are  independent  of  which  of  the  basic  blast  wave  parameters  (peak 
overpressure  or  dynamic  impulse)  is  used  to  assess  damage  of  that 
category. 

The  discussions  that  follow,  taken  largely  from  references  [Dl]  and 
[D2]  explain  in  more  detail,  the  nature  of  these  categories  of  blast 
injury  to  personnel. 

(1)  Direct  Blast  Injury 

When  the  human  body  is  exposed  to  the  environmental 
pressure  variation  accompanying  a blast  wave,  the  wave  is 
transmitted  in  complex  patterns  throughout  the  body  tut, 
more  Important,  the  body  wall  is  pushed  violently  inward. 

As  a consequence  of  this  implosive  effect,  very  high  tran- 
sient internal  pressures  occur.  These  often  exceed  the 
external  pressures  by  considerable  amounts.  Severe  dis- 
ruptive forces  are  produced  at  junctions  of  tissues  of 
different  densities  such  as  bone  with  soft  tissue  or  in 
air-containing  organs  such  as  the  lungs  and  abdominal 
viscera.  Only  for  "long"  duration  typical  blast  waves  is 
the  severity  of  the  injury  sustained  roughly  proportional 
to  the  magnitude  of  the  peak  overpressure;  otherwise,  and 
in  addition,  the  hazard  is  a function  of  the  duration  and 
the  rate  and  character  of  the  rise  of  the  pressure  pulse. 

In  general,  except  for  the  ears  and  sinuses,  the  human 
body  is  far  more  resistant  to  direct  blast  injury  than  are 
rigid  structures  such  as  buildings. 

While  eardrum  rupture  may  occur  at  peak  overpressure  as 
low  as  5 pai,  the  best  value  of  the  peak  overpressure  for 
50  percent  probability  of  rupture  appears  to  be  between  15 
and  20  pai.  Though  painful,  eardrum  rupture  is  not  serious. 
However,  infection,  fracture  and  displacement  of  the  os- 
sicles, including  the  foot  plate  of  the  stapes,  may  result 
in  Impaired  hearing  and  require  specialized  treatment. 

Blast  injuries  to  the  chest  begin  to  occur  at  about 
10-12  ps 1 for  "long"  duration  waves.  These  include  bruising 
of  the  soft  tissues  of  the  chest  wall  adjacent  to  the  ribs 
and  rupture  of  small  vascular  elements  of  the  pulmonary 


[D2]  Department  of  the  Army.  Nuclear  Handbook  for  Medical  Service 
Personnel.  TM8-215,  l?o9. 
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tissue.  Rupture  of  pulmonary  vessels  is  always  asso- 
ciated with  interstitial  hemorrhage  and/or  bleeding 
into  the  airways.  Also,  the  risk  of  pulmonary  edema 
is  considerable  and  serious.  Vlth  severe  tearing  and 
rupture,  air  emboli  may  occur  with  grave,  frequently 
fatal,  cardiac  or  cerebral  complications.  Clinical 
signs  of  pulmonary  injury  may  be  misleadingly  mild 
until  heart  failure  and  edema  appear:  the  heart 
failure  and  pulmonary  edema  are  the  primary  treat- 
ment problems.  . . . 

Blast  injuries  of  the  abdomen  may  include  rupture 
of  the  liver  and  spleen,  and  rarely  in  airblast, 
perforations  of  the  intestine.  Organ  perforations, 
especially  in  the  lower  ileum,  cecum,  and  colon  are 
much  more  common  in  underwater  blast.  Also,  in  air- 
blast  hemorrhages  of  the  mesentery  and  gut  wall  are 
almost  invariably  present.  Frequently  there  is  ab- 
dominal wall  rigidity  without  perforation  of  hemo- 
peritoneum,  and  the  significance  of  the  signs  and 
symptoms  are  difficult  to  assess.  . . . ( [ D2 ] , pp.  6-7) 

The  primary  cause  of  lethality  from  direct  blast  effects  is  lung 
hemorrhage.  Data  on  direct  blast  injury  to  personnel  have  been  obtained 
by  experimentally  determining  overpressure-duration  relationships  for 
animals,  and  extrapolating  these  to  humans.  That  is,  the  level  of  injury 
depends  upon  both  peak  overpressure  level  and  the  duration  of  the  over- 
pressure. For  large-scale  conventional  explosions  and  most  probably  for 
all  diffuse  explosions,  the  duration  of  the  blast  wave  may  be  con- 
sidered "long".  Thus  it  is  current  practice  to  use  the  free  field  (side 
on)  overpressure,  associated  with  various  levels  of  lethality  at  infi- 
nitely large  durations  to  assess  deaths  from  direct  blast  effects.  Table 
D-l  shows  the  relationship  between  overpressure  and  lethality  from  direct 
blast  effects.  The  data  in  table  D-l  were  used  to  derive  the  probit 
equation  El: 

Probit  ■ -77.1  + 6.91  loge  (Pp)  (D-l) 

where  Pp  is  the  peak  overpressure  measured  in  N/m^. 

The  main  nonlethal  injury  resulting  from  direct  blast  effects  is 
eardrum  rupture.  Unlike  the  lungs  for  which  overpressure  and  blast  wave 
duration  together  determined  damage,  eardrums  are  damaged  in  response 
to  overpressure  alone  since  the  characteristic  period  of  the  ear  vibra- 
tion is  small  compared  to  the  duration  of  a blast  wave  from  even  low 
yield  explosions.  The  relationship  between  the  overpressure  and  the 
probability  of  eardrum  rupture  is  given  in  Table  D-2.  These  data  were 
used  to  generate  the  probit  equation  E3: 

Probit  - -15.6  + 1.93  x loge  (Pp)  (D-2) 

where  Pp  is  the  peak  overpressure  measured  in  N/m2. 
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Peak 


Damage 

Overp 

(psi) 

ressure 

(N/m2) 

Threshold  (1%  Lethality) 

14.5 

100,000 

10%  Lethality 

17.5 

120,000 

50%  Lethality 

20.5 

140,000 

90%  Lethality 

25.5 

175,000 

99%  Lethality 

29.0 

200,000 

TABLE  D1 

CRITICAL  OVERPRESSURES  FOR  LUNG  DAMAGE  TO  HUMANS 


The  relationship  between  overpressure  and  death  for  direct 
blast  effects.  It  is  assumed  that  the  pressure  pulse 
duration  is  infinite  and  that  lung  hemorrhage  is  the 
operative  cause  of  lethality.  This  table  is  based  on  data 
given  in  '’Explosive  Effects  Compulation  Aids"  [Dl], 


Probability  of 

Free-Field  Peak 
Overpressure 

Eardrum  Rupture 

(psi) 

(N/mz) 

Threshold  (1%) 

2.4 

16,500 

10% 

2.8 

19,300 

50% 

6.3 

43,500 

90% 

12.2 

84,000 

TABLE  D2 

PROBABILITY  OF  EARDRUM  RUPTURE 

The  relationship  between  peak  overpressure  and  probability 
of  eardrum  rupture.  This  table  is  based  on  data  given 
in  "Explosive  Effects  Compulation  Aids  [Dl]. 
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(2)  Indirect  Blast  Injury 


The  transfer  of  momentum  by  a blast  wave  to  objects  in  its  path  can 
result  in  injury  from  secondary  missiles  (both  penetrating  and  non- 
penetrating)  or  from  displacement  of  the  human  body  resulting  in  subse- 
quent severe  impact  or  decelerative  tumbling;  these  are  secondary  and 
tertiary  blast  effects  respectively.  The  injuries  which  result  include 
wounds,  such  as  contusions  ana  fractures,  which  result  from  being  thrown 
against  an  object.  In  addition,  crush  injuries  from  falling  debris, 
should  they  occur,  would  be  particularly  more  common  in  urban  areas  and 
less  common  in  the  open.  Certain  kinds  of  indirect  blast  injuries,  such 
as  violent  decelerations  or  sharp  blows  to  the  head  from  blunt  debris, 
are  known  to  produce  significant  lethality  just  as  does  direct  blast 
injury  to  the  lung.  However,  the  magnitude  and  severity  of  indirect 
hazards  are  very  much  dependent  on  the  conditions  of  exposure,  range, 
and  explosive  yield. 

(a)  Secondary  Blast  Injury 

The  missiles  involved  in  secondary  damage  in  the  VM  result  from 
normal  environmental  debris  (e.g.,  pebbles),  damaged  structures  (e.g., 
broken  glass),  and  fragments  of  cargo  containers  (e.g.,  ship  hull  frag- 
ments). Studies  of  military  weapons  have  modeled  missiles  generated 
purposefully  by  weapon  design  (such  as  fragmenting  shell  casings)  [Dl] . 
Nevertheless  nuclear  weapon  effects  research  has  considered  the  effects 
of  missiles  resulting  from  debris  set  in  motion  by  the  nuclear  blast 
waves  [ D3 ] . These  studies  have  considered  personnel  damage  from  both 
penetrating  and  nonpenetrating  missiles.  The  injuries  which  may  result 
are  lacerations  and  punctures  from  penetrating  missiles  or  contusions, 
fractures,  and  internal  injuries  from  large  nonpenetrating  objects. 
Penetrating  missiles  are  light  (10  grams  or  less  in  mass)  compared  to 
nonpenetrating  missiles  capable  of  causing  injury  (thousands  of  grams 
in  mass).  At  the  current  stage  of  development  the  interest  is  for  the 
VM  to  model  diffuse,  rather  than  condensed  phase  explosions.  The  occur- 
rence of  heavy  missiles,  capable  of  causing  serious  nonpenetrating 
woulds,  is  expected  to  be  less  common  in  diffuse  explosions  than  in 
condensed  phase  or  nuclear  explosions.  Therefore,  the  only  kind  of 
secondary  damage  currently  considered  by  the  VM  is  the  nonlethal  damage 
caused  by  penetrating  missiles.  Table  D-3  gives  damage  criteria  for 
both  penetrating  and  nonpenetrating  missiles.  The  critical  parameter 
used  to  assess  damage  is  the  impact  velocity  of  the  missile.  Another 
source  [D2]  gives  data  for  penetrating  missiles  that  are  virtually  the 
same,  as  shown  in  Table  D-4. 

For  use  in  the  VM  the  damage  criteria  based  on  missile  impact 
velocity  must  be  related  to  a blast  wave  parameter'  it  is  clearly 
beyond  the  scope  of  the  VM  to  treat  the  detailed  motion  of  the  thousands 


(D3]  White,  Clayton  S.  The  nature  of  the  problems  involved  in  esti- 
mating the  immediate  casualties  from  nuclear  explosions.  Lovelace 
Foundation  for  Medical  Education  and  Research,  Albuquerque, 

New  Mexico,  March  1971.  CEX  71.1. 
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Kind 

of  Missile 

Critical 
Organ  or  Event 

Related  Impact 
Velocity 
f t/sec 

Nonpenetrating 

Cerebral  Concussion: 

10-lb  object 

Mostly  "safe" 

10 

Threshold 

15 

Skull  Fracture: 
Mostly  "safe 

10 

Threshold 

15 

Near  100  per  cent 

23 

Penetrat ing 

10-gm  glass 

Skin  Lacetration: 

fragments 

Threshold 

50 

Serious  Wounds: 
Threshold 

100 

50  per  cent 

180 

Near  100  per  cent 

300 

TABLE  D3 

TENTATIVE  CRITERIA  FOR  INDIRECT  BLAST  EFFECTS  INVOLVING 
SECONDARY  MISSILES 

The  relationship  between  medical  damage  from 
secondary  missiles  and  missile  characteristics.  Based 
on  data  from  reference  [D3], 


Injury 

(Peri'.  (.  mating  Missiles-10  Gram 
Glass  Fragment) 


Peak  Over- 
Pressure-PSI 


Impact  Velocity  Range  in  Kilometers 
(meters/sec)  1KT  10KT  100  KT 


In 


Skin  laceration  threshold 

1-2 

15  m/sec 

1.8 

4 

9 

Ser ' aus 

wound  threshold 

2-3 

30  m/sec 

1.2 

2.5 

5.5 

Serious 

wounds  near  50%  probability 

4-5 

55  m/sec 

.75 

1.8 

4 

Serious 

wounds  near  100%  probability 

7-8 

90  m/sec 

.55 

1.3 

2.5 

TABLE  D4 

INJURY  CRITERIA  FOR  PENETRATING  MISSILES 

Relationship  between  secondary  effect  damage  and  missile 
characteristics  for  three  different  sizes  of  nuclear 
weapons.  Based  on  data  from  reference  [D2], 
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of  missiles  Chat  an  accidental  explosion  could  cause.  The  impact  ve- 
locity is  most  properly  related  to  the  dynamic  overpressure  impulse, 
rather  than  the  peak  overpressure.  The  dynamic  overpressure  impulse, 
J,  is  defined  as  the  integral  of  pressure  over  time  for  the  duration 
of  the  positive  phase  of  a blast  wave;  i.e.: 


P(T)  dT 


where, 


(D-4) 


P(T)  ■ the  overpressure  as  a function  of  time  at  a given 
location 

ta  ■ the  arrival  time  of  the  blast  wave  at  the  given 
location 


t0  - the  time  at  which  the  positive  phase  of  the  blast 
wave  ends. 


Figure  D-l  further  illustrates  this  definition.  The  dynamic  over- 
pressure impulse  is  called  simply  "the  impulse"  elsewhere  in  this  report 
("dynamic  overpressure  impulse"  is  used  by  Fugelso  ( 01 ] ; "impulse"  and 
"impulse  per  unit  area"  are  used  by  Kinney  [ D4 ] ) . 


The  relationship  between  missile  impact  velocity  and  the  impulse 
of  the  blast  wave  is  given  by, 


M Vt  ■ CD  A J 


(D-5) 


where , 


M - mass  of  the  missile 


impact  velocity 


Cp  ■ drag  coefficient  of  the  missile,  taken  to  be  unity  here 
A ■ presented  area  of  the  missile 
J ■ impulse 
Now  we  may  also  write 


M - p V 


(D-6) 


where , 


( DA ] Kinney,  Gilbert  Ford.  Explosive  Shocks  in  Air,  p.  11, 
The  Macmillan  Co.,  New  York,  1962. 
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FIGURE  D-l 

Pressure-time  graph  of  two  typical  blast  waves 
at  a given  observation  point.  Blast  wave  "A" 
decays  faster  and  shows  a smaller  impulse  than 
blast  wave  "B"  even  though  their  durations  and 
the  peak  overpressures  are  identical. 
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w 


p ■ density  of  the  alsslle 
V - volume  of  the  missile 


5 


> 

i 


[ 

| 

i 


But 


r,  47r  3 

V ■ — j r 

where  we  have  assumed  a spherical  fragment  of  radius,  r,  and 
A - nr2 

Thus  we  have  from  equation  (D-5) , 

J 


MVi 


CdA 

or  combining  with  equations  (D-6) , (D-7) , and  (D-8), 

J . P(^  f3)  Vl  . Wj 

1 • nr2  3 

Furthermore  from  (D-7)  and  (D-6) 

11/3 


’ 3M_ 
. 4tt  p 


J 


(D-7) 


(D-8) 


(D-9) 


(D-10) 


Now  for  M ■ 10  grams  and  p « 2.65  g/cm2,  a typical  density  for  glass, 
then, 


r ■ 0.9658  cm. 
hence  from  equation  (D-9), 

J - (3.4125  g/cm.2)  Vt  (D-ll) 

Substituting  values  for  impact  velocity,  Vj,  from  Table  D-4  into 
equation  (D-ll)  generates  a corresponding  set  of  values  for  impulse  as 
given  by  Table  D-5.  The  data  given  in  Table  D-5  are  the  criteria  used 
to  establish  the  probit  equation  E5: 

Probit  - -77.1  + 4.26  logeJ  (1-12) 

where  J is  in  N-S/m2. 

An  assumption  implicit  in  equation  (D-5)  of  the  preceding  derivation 
is  that  no  forces  other  than  those  of  the  blast  wave  are  exerted  on  the 
missile.  That  is  the  forces  involved  when  the  missile  breaks  away  from 
its  pre-blast  position,  slides  or  rolls  along  the  ground,  or  impacts 
intervening  objects  are  all  neglected.  Furthermore,  it  is  assumed  that 
missiles  are  always  available  to  be  set  in  motion  by  the  blast  wave. 


-I 


1 


A 


1 
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Injury 


* 

] 

y 


Free  Field  Impulse  Level 


dyne-s 

N-s 

Injury 

cra^ 

psi-msec 

Skin  laceration  threshold 

5120 

512 

74.2 

Serious 

wound  threshold 

10240 

1024 

148.4 

Serious 

wounds  near  502  probability 

18770 

1877 

272.1 

Serious 

wounds  near  100%  probability 

30710 

3071 

445.3 

i 

i 

TABLE  D5  j 

DAMAGE  CRITERIA  FOR  PENETRATING  MISSILES  IN  TERMS  OF 

CRITICAL  IMPULSE  , 

Relationship  between  penetrating  missile  damage  and  free  field 
impulse  level.  Equation  D-ll  and  the  data  given  in  Table  D4 
were  used  to  obtain  these  values. 

These  values  were  obtained  by  assuming  a missile  of  10  grams  mass. 
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Also  all  personnel  (not  Inside  buildings)  in  a region  traversed  by  a 
blast  wave  of  sufficient  strength  are  assumed  to  suffer  injury  from 
missiles;  the  density  of  flying  fragments  and  the  target  area  presented 
by  people  are  not  factors  affecting  the  probability  of  injury  in  this 
analysis.  Evidently  then  the  estimate  of  fragment  injury  given  by  the 
probit  equation  equation,  E5  (D-12) , is  too  large.  Since  there  appears 
to  be  no  facile  method  for  correcting  this  assessment,  the  overestimate 
of  damage  given  by  equation  (D-12)  is  currently  used  in  the  VM. 

(b)  Tertiary  Blast  Injury 

Injury  to  personnel  by  tertiary  effects  is  related  to  the  maximum 
translation  velocity  that  the  body  attains  subject  to  the  blast.  Injury 
is  caused  when  the  body  set  in  motion  by  the  blast  wave  strikes  an  ob- 
stacle. The  probability  of  lethality  for  body  impact  has  been  deter- 
mined as  a function  of  the  impact  velocity.  Lethality  criteria  have 
also  been  determined  for  impact  of  the  head  against  an  obstacle.  Table 
D-6  shows  the  impact  velocity  associated  with  several  levels  of  lethality. 

Again  the  problem  is  to  relate  the  damage  criteria  in  table  D-6 
based  or.  impact  velocity  to  some  free  field,  blast  wave  parameter. 

One  reference  [Dl]  indicates  that  a method  that  may  be  used  to  relate 
impact  velocity  and  free  field  iupulse  is  the  same  as  that  used  for 
missiles  in  the  above.  Similar  to  equation  (D-5)  we  write, 


1 cdA  (D-13) 

where , 

■ critical  impulse  for  impact  damage 

M = mass  of  the  body 

- critical  velocity  for  impact  damage 

Cp  *»  drag  coefficient  of  the  body,  taken  here  to  be  unity 

A * cross-sectional  area  of  the  body  presented  to  the  blast 

For  each  impact  velocity,  V^,  of  interest  a corresponding  impulse, 
may  be  calculated  using  equation  (D-13).  We  may  calculate  assuming 
a typical  grown  male  adult,  using  a weight  of  153  pounds  and  an  area 
of  8 square  feet.  Table  D-7  (taken  from  [Dl])  gives  both  the  impact 
velocity,  Vm,  that  causes  a certain  level  of  damage  and  the  dynamic 
impulse  corresponding  to  that  velocity  for  the  grown  male  adult  de- 
scribed above.  Note,  however,  that  the  critical  levels  for  lethality 
from  body  impact  given  in  Table  D-7  are  significantly  different  from 
those  levels  given  in  Table  D-6.  The  disagreement  is  considerable  and 
places  some  doubt  on  the  asses„ment  procedure.  The  levels  given  in 
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Condition 
Critical  Organ 
or  Event 

Related  Impact 
Velocity 
ft/sec 

Skull  Fracture 

Mostly  "safe"  (0%) 

10 

Threshold  (102) 

13 

50  per  cent 

18 

Near  100  per  cent 

23 

Total  Body  Impact 

Mostly  "safe"  (0%) 

10 

Lethality  Threshold  (10%) 

21 

Lethality  50  per  cent 

54 

Lethalicy  near  100  per  cent 

138 

TABLE  D6 

TENTATIVE  CRITERIA  FOR  INDIRECT  (TERTIARY)  BLAST 
EFFECTS  INVOLVING  IMPACT 

Relationship  between  impact  velocity  and  damage  to  the 
head  and  body.  Based  on  data  in  reference  [D3]. 


Lethality 

V 

m 

Body 

J 

c 

V 

m 

Head 

J 

c 

Threshold 

20 

83.6 

13 

54.3 

50% 

26 

108.6 

18 

75.2 

99% 

30 

125.4 

23 

96.1 

table  d7 

LETHALITY  DUE  TO  CRITICAL  IMPACT  VELOCITY  AND  CRITICAL  IMPULSE 

(V  in  ft/sec  and  J in  psi-msec) 
m c r 

Relationship  between  impact  lethality  and  impact  velocity  or 
impulse.  From  reference  (Dl). 
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Table  D-7  are  preferred  since  the  publication  from  which  it  comes  is 
more  recent  and  the  levels  given  are  more  conservative.  The  data  given 
in  Table  D-7  was  U9ad  to  generate  a probit  equation.  It  was  assumed 
that  for  any  given  impact,  there  is  a 20%  chance  of  head  impact  and  an 
80%  chance  of  body  impact;  the  casualty  rates  were  calculated  on  this 
basis  assuming  that  the  entire  population  outdoors  is  subject  to  impact 
for  a given  blast  wave  strength. 

This  assessment  procedure,  however,  gave  unrealistic  results.  Far 
too  many  people  were  killed  for  the  explosive  yields  and  distances  con- 
sidered. The  critical  impulse  levels  for  a given  lethality  rate  shown 
in  Table  D-7  were  found  to  be  an  order  of  magnitude  lower  than  expected 
from  observed  explosions.  The  cause  for  the  overestimation  of  damage 
from  a given  impulse  level  is  that  certain  mitigating  factors  have  not 
been  considered.  Some  of  the  factors  reducing  the  likelihood  of  death 
are:  (1)  Friction  of  tne  body  sliding  and  rolling  along  the  ground 

reduces  the  peak  velocity  attained  on  exposure  to  the  blast;  (2)  During 
the  passage  of  the  blast  wave  the  body  may  tumble,  th^reoy  reducing  the 
area  presented  to  the  wave  and  the  momentum  absorbed  from  it;  (3)  Not 
all  the  momentum  absorbed  by  the  body  is  converted  to  velocity  of 
impact,  since  both  rotational  and  translational  acceleration  of  the 
body  may  occur;  (4)  Sublethal  impact  with  the  ground  or  obstacles  may 
prevent  the  body  from  ever  attaining  a lethal  impact  velocity.  A model 
for  impact  injury  that  gives  consideration  to  these  various  factors  has 
been  developed  for  use  in  civil  defense  studies  [D5] . A plane  rigid 
body  subject  to  a blast  environment  simulates  the  trajectory  of  a person 
and  determines  the  impact  velocities  experienced.  Lethality  is  then 
determined  from  the  data  given  in  Table  D-6,  since  the  impact  velocity 
and  part  of  body  impacted  are  predicted  by  the  model.  Since  at  the 
present  time  the  VM  does  not  model  individual  damage  receptors  in  a 
locally  detailed  environment,  this  detailed  model  of  impact  injury  is 
inappropriate  for  use  in  the  VM.  However,  repeated  operation  of  the 
impact  injury  model  for  a given  size  nuclear  weapon  showed  that  mortality 
could  be  parameterized  on  the  basis  of  peak  overpressure  and  distance 
to  a vertical  obstacle  (wall);  the  parameterized  results  for  the  surface 
burst  of  a one  megaton  nuclear  weapon  are  given  in  Table  D-8.  The 
survivability  fractions  given  in  the  table  are  related  to  probability 
of  death  by, 

7.  dead  - 100%  [1-5]  (D-14) 

where  S is  the  survivability  value  given  in  Table  D-8.  Similar  data  for 
initially  prone  bodies  was  also  available,  but  not  used. 

By  use  of  the  explosion  scaling  laws  (cf.  Kinney  [ D6 ) ) tne  peak 
overpressures  for  a 1MT  blast  given  in  Table  D-8  may  be  converted  to 


[D5]  Longinow,  A.,  G.  Ojdrovich,  L.  Bertram,  and  A,  Wiedemann.  People 
Survivability  in  a Direct  Effects  Environment  and  Related  Topics. 
IIT  Research  Institute,  Chicago,  May  1973. 

[D6J  Kinney,  G.F.  Engineering  Elements  of  Explosions.  Naval  Weapons 
Cencer,  November  1968,  NWC  TP-4654. 
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SURVIVABILITY  fOR  STAh'Op.G  PCSITIV^B 


Relationship  between  damage  from  impact  and  the  parameters,  overpressure,  and  distance  to  obstacle, 
for  the  surface  burst  of  a one  megaton  nuclear  weapon.  Percent  deaths  = 100  x (1-  survivability) 


Impulse  levels;  thus  deaths  from  impact  may  be  related  to  impulse. 

Table  D-9,  derived  from  the  data  in  Table  D-8,  gives  the  relationship 
between  deaths  from  impact  and  impulse  level  for  a wall  distance  of  ten 
feet  (3.3  meters).  The  spread  in  overpressure  between  the  threshold  of 
damage  and  the  threshold  of  complete  lethality  is  largest  for  a wall 
distance  of  ten  feet;  thus  the  dose-response  relationship  for  this  set 
of  data  is  least  discontinuous.  Ten  feet  is  a reasonable  impact  dis- 
tance for  urban  areas.  Furthermore  the  change  in  wall  distance  is  not 
that  significant  in  determining  the  relationship  between  Impact  injury 
and  overpressure  (hence,  impulse).  For  all  these  reasons  the  data  for 
an  impact  surface  ten  feet  distant  were  used  to  generate  Table  D-9  and 
subsequently  the  problt  equation,  E2.  Based  on  the  data  in  Table  D-9 
the  probit  equation,  E2,  is: 

Probit  - -46.1  + 4.82  logeJ  (D-15) 

where  J is  in  N-S/tn2. 

This  probit  equation  gives  estimates  of  deaths  from  impact  that  are  much 
more  in  accord  with  observed  events  than  does  the  probit  equation  based 
on  the  less  sophisticated  model  used  first. 

In  addition  to  death,  tertiary  effects  can  cause  nonlethal  in- 
juries — mainly  broken  bones.  Table  D-10  gives  a variety  of  nonlethal 
injuries  (as  well  as  lethal  injuries)  and  the  impact  velocities  at  which 
such  injuries  occur.  As  previously  indicated,  the  range  data  for 
various  sizes  of  nuclear  weapons  are  unimportant;  the  critical  impact 
velocities  are  significant  for  the  VM.  It  is  interesting  that  the 
lethality  levels  from  this  source  (D2]  agree  reasonably  well  with  those 
given  in  Table  D-7  for  body  impact. 

Using  equation  (D— 1 3 ) to  relate  impulse  level  to  impact  velocity, 
one  can  generate  a new  table  relating  injury  to  impulse  level  by  using 
the  values  given  in  Table  D-10.  Again,  the  calculations  are  for  a 155 
pound  adult  male  with  an  effective  area  of  8 squate  feet.  These  com- 
putations are  compiled  in  Table  D-ll.  Notice,  however,  that  the  impulse 
levels  for  injury  is  below  the  levels  for  death  given  in  Table  D-9.  The 
reason  for  this,  as  before,  is  that  the  data  in  Table  D-ll  are  for  an 
ideal  transfer  of  momentum  from  the  blast  wave  to  the  body,  while  the 
data  in  Table  D-9  are  for  the  more  realistic  model  of  momentum  transfer. 
Obviously  the  injury  criteria  given  in  Table  D-ll  are  unacceptable. 
Unfortunately  the  study  [D5]  using  the  more  realistic  model  for  impact 
damage  does  not  include  a parametric  study  of  nonlethal  injury,  as  it 
did  for  death.  In  order  to  circumvent  this  problem,  an  assumption  was 
made  about  the  relationship  between  the  ideal  model  and  the  more  real- 
istic model  of  injury  from  impact.  The  more  realistic  model  gives  levels 
of  impact  for  a given  percent  lethality  that  are  approximately  50  times 
larger  than  the  levels  given  by  the  ideal  model  for  the  same  percent 
lethality.  It  was  assumed  that  the  relationship  ’’tween  the  ideal  and 
more  realistic  model  would  be  the  same  regardless  of  whether  lethal  or 
nonlethal  injury  was  considered.  Therefore  the  impulse  levels  given 
in  Table  D-ll  for  ideal  momentum  transfer  were  multiplied  by  the  same 
proportionality  factor  that  held  for  lethal  injury  levels  in  order  to 
give  the  data  shown  in  Table  D-12. 
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Probability  of  Death 

Impulse  Level 

(%) 

(N-s/m2) 

1 

18,000 

8 

28,600 

31 

37,300 

63 

45,100 

86 

49,700 

100 

60,800 

TAbLE  D9 

RELATIONSHIP  OF  DEATH  BY  IMPACT  TO  IMPULSE 

Relationship  between  impact  injury  and  impulse  level.  Based 
on  results  for  a surface  burst  of  a one  megaton  nuclear 
weapon  and  a distance  to  impact  of  ten  feet  (3.3  meters). 
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Injury 

Pwk  over- 

Impact  velocity 

Ranee  In  kilumelen 

Pr*«tur+~rSl 

l KT 

10  KT 

100  KT 

(PHYSICAL  DISPLACEMENT  OF  MAN 
WITH  IMPACT  WITH  HARD  SURFACE)* 
Mostly  sale  (whole  body) 

S-6 

3 m/sec 

.76 

1.8 

4.5 

Skull  fracture  threshold 

4 -C 

4 m/scc 

.65 

l.C 

4 

Fractured  feet  o'id  legs 

4-6 

4.3  m/sec 

.6 

1.5 

3.6 

Skull  fiacture  near  i>Q'.l  probability  

6-7 

6.6  m/sec 

.65 

1.4 

3.5 

Lethality  threshold  (whole  body) 

6-8 

6 m/sec 

52 

1.3 

3.1 

Skull  fracture  near  100C.';  probability 

6-9 

7 m/sec 

.49 

1.2 

3 

Lethality  near  50(r  probability  (whole-body) 

7-10 

8 m/sec 

.45 

1.1 

2.8 

Lethality  near  1006c  probability  (whole-body) 

8-11 

9.1  m/8ec 

.4 

1 

2.6 

9 In  3 metcre  of  (ravel. 


TABLE  DIO 

TENTATIVE  CRITERIA  FOR  PRODUCTION  OF  INDIRECT  BLAST  INJURIES 
WITH  RANGES  FOR  VARIOUS  YIELD  WEAPONS  (FAST  RISING,  LONG 
DURATION  OVERPRESSURE  IN  AIR) 

Relationship  between  impact  velocity  and  injury.  Taken  from 

reference  (D2,  p.  9]. 


Injury  impulse 

N-s 

ps  1-msec mz 


Mostly  safe  (whole  body)  41.15  283.8 
Fractured  feet  and  legs  58.98  406.8 
Lethality  threshold  (whole  body)  82.30  567.6 


TABLE  Dll 

CRITERIA  FOR  NONLETHAL  INJURIES  FROM  IMPACT 

Relationship  between  nonlethal  impact  injury  and  impulse 
calculated  assuming  a 155-pound  male  adult  with  an 
effective  cross-sectional  area  of  8 square  feet. 
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TABLi  D12 

RELATIONSHIP  BETWEEN  NONLEThAL  INJURIES  FROM  IMPACT  AND  IMPULSE 

Relationship  between  percent  injury  and  impulse  level 
based  on  data  for  ideal  momentum  transfer  and  an 
assumption  of  proportionality  between  the  results  on 
the  ideal  and  more  realistic  impact  model. 


The  probit  equation  derived  from  the  data  in  Table  D-12  and  used 
to  make  the  damage  assessment  is  given  by: 

Probit  - -39.1  + 4.45  logeJ  (D-16) 

where  J is  in  N-S/tn2. 

This  concludes  the  discussion  of  explosion  injury  to  the  vulnerable 
resource,  people. 

Explosion  Damage  to  Structures 

To  begin  the  discussion  of  explosion  damage  to  structures,  it  is 
worthwhile  to  raise  some  important  considerations  concerning  the  nature 
of  the  interaction  between  the  blast  wave  and  structures.  The  following 
two  paragraphs  are  largely  based  on  a discussion  given  by  Kinney  ( [ D6 ] , 
p.  25f f ) . 

Damage  to  a structure  from  blast  comes  from  motion  of  the  structure 
as  imparted  by  forces  of  the  blast  wave.  In  principle,  an  analytic  so- 
lution for  structural  motion  can  be  obtained  from  the  equation  of  motion 
expressing  the  relation  between  structural  mass,  structural  acceleration, 
and  the  unbalance  between  the  driving  force  of  the  blast  wave  and  the 
resistance  of  the  structure.  The  driving  force  is  a transient  one, 
given  as  the  product  of  structure  cross-section  area  and  a blast-wave 
overpressure.  The  resistance  of  the  structure  depends  or.  its  mechanical 
features.  However,  for  dynamic  situations,  this  is  seldom  known  pre- 
cisely and  indeed  perhaps  is  not  capable  of  being  known.  Furthermore, 
even  if  both  the  transient  driving  force  of  the  blast  wave  and  the  dy- 
namic resistance  of  the  structure  were  known,  the  mathematical  form  of 
the  equation  of  motion  is  not  conducive  to  a simple  solution,  but  rather 
calls  for  numerical  or  analogue  methods.  Hence,  only  in  simpler  situ- 
ations is  a precise  solution  for  structural  motion  in  response  to  blast 
to  be  obtained. 

As  an  alternative  to  an  exact  soluticn  for  structural  motion, 
various  empirical  estimates  of  the  damage  potential  of  blast  have  been 
used.  The  most  common  of  these  ic  based  on  the  peak  overpressure  in  the 
free-field  blast  wave.  For  example,  it  may  be  stated  that  a peak  over- 
pressure of  such  and  such  psi  causes  major  structural  damage.  It  should 
be  recognized  that  such  a statement  even  if  correct,  can  at  best  be  only 
a crude  approximation.  It  ignores  the  fact  that  the  damage  potential  of 
blast  is  a function  of  two  individual  items,  the  transient  blast  loading 
plus  the  dynamic  response  of  the  structure;  two  such  aspects  are  always 
Involved  in  assessment  of  damage  potential. 

Since  the  VM  iust  treat  a large  number  of  disparate  structures 
whose  mechanical  characteristics  are  probably  unknown  (possibly  diffi- 
cult or  impossible  to  obtain),  it  seems  prudent  to  use  the  less  sophis- 
ticated approximation  involving  only  a single  parameter  related  to  the 
blast  wave.  Although  details  of  structural  response  could  be  considered 
eventually,  especially  for  large  or  important  buildings,  for  now  the 
single  level  blast  wave  characterization  given  by  referem  e [ D 1 ] is  used. 
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The  damage  levels  for  structures  are  given  in  Table  D-13.  These  data 
are  for  frame  structures  subject  to  a blast  from  an  explosion  equiv- 
alent to  500  tons  of  TNT.  To  obtain  the  probit  equation  for  glass 
breakage  it  was  assumed  that  the  IX  level  for  structual  damage  corre- 
sponds to  the  90%  level  for  glass  breakage.  The  probit  equations  for 
damage  to  structures  from  explosion  are  thereby  obtained.  For  overall 
structural  damage  the  probit  equation,  SI,  is  given  by: 

Probit  “ -23.8  + 2.92  logePp  (D— 17 ) 

and  for  glass  breakage  alone  the  probit  equation,  S2,  is  given  by: 

Probit  = -18.1  + 2.79  logePn  (D-18) 

where  Pp  is  in  N/m2. 

This  concludes  the  treatment  of  explosion  damage  to  vulnerable 
resources. 


FIRE  DAMAGE 


Damage  to  personnel  and  damage  to  property  from  both  flash  fire  and 
pool  burning  are  similar  enough  to  be  treated  together.  For  both  per- 
sonnel and  property,  the  damage  criteria  consist  of  both  a thermal  radi- 
ation factor  and  a time  factor.  To  cause  a certain  level  of  damage,  say 
second-degree  burns  to  bare  skin,  a thermal  radiation  level  must  be  ex- 
ceeded and  the  radiation  must  persist  for  a specified  time.  In  general, 
as  the  radiation  level  becomes  higher,  the  time  required  to  cause  a cer- 
tain level  of  damage  becomes  smaller. 

Both  the  flash  fire  and  pool  burning  models  were  designed  so  that 
the  ouput  from  Phase  1 is  both  a radiation  level  and  a duration  (time). 
For  the  flash  fire,  since  radiation  level  changes  rapidly  with  time,  an 
effective  radiat  on  level  and  time  are  given.  Essentially,  an  equivalent 
square  time  pulse  of  radiation  is  substituted  for  the  actual  time-varying 
radiation  pulse. 

For  damage  to  structures,  the  basic  concern  is  whether  ignition 
occurs.  Since  surface  treatment,  geometrical  position,  and  other  factors 
play  such  an  important  role  in  the  determination  of  ignition,  the  problem 
is  simplified  by  considering  only  the  ignition  of  wood.  In  a classic 
paper  ( D 7 ] Lawson  and  Simms  developed  two  empirical  relations  for  the 
Ignition  of  wood. 

These  investigators  experimentally  determined  the  intensity  of 
radiation  required  to  ignite  wood  spontaneously  both  with  and  without 
a pilot  flame  one-half  inch  from  the  surface  of  the  material.  The 
expression  relating  time  for  ignition,  t,  to  the  critical  Ignition  in- 
tensity, I,  is  the  following: 


( D 7 ] Lawson,  D.I.,  and  D.L.  Simms.  The  ignition  of  wood  by  radiation. 
Brit.  J.  Appl.  i’hys . 3:288-  292,  1952. 
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Peak  Overpressure 

Target 

Damage  Level 

psi 

(N/ra^)  1 

Frame  Structure 

Threshold  Glass  Breakage  (1%) 

0.25 

i 

1,700 

Threshold  Structure  Damage 
(«) 

0.90 

6,200 

50%  Structural  Damage 

3.00 

20,700 

Total  Damage  (99%) 

5.00 

34,500 

1 

TABLE  D13 

DAMAGE  LEVELS  FOR  SELECTED  TARGETS 

Relationship  between  structural  damage  and  peak 
overpressure.  Based  on  data  [Dl]  for  frame  structures 
exposed  to  a blast  from  an  explosion  of  500  tons  TNT 
equivalent  yield. 
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(I  - Ip)  t - 0.025  x 10  6 (Kps  + 68  x 10"6) 


(D-19) 


where 


I ■ thermal  radiation  intensity  (cal/cm2 /sec) 

Ip  » critical  Intensity  for  pilot  ignition  (cal/cm2 /sec) 

K - thermal  conductivity  (cal/cm2/ sec/°C) 
p ■ density  (g/cm3) 

s = specific  heat  of  the  material  (cal/g/°C) 
t ■ time  to  Ignition  (sec) 

The  corresponding  expression  for  spontaneous  ignition  was  found  to  be 

(I  - I ) tVs  - 0.05  x 10 6 (Kps  + 35  x 10"*)  (D-20) 


where 

Ia  * critical  intensity  for  spontaneous  Ignition  (cal/cm2 /sec) 

Values  of  Ip  and  Ig  for  various  types  of  wood  are  given  in  reference  [ D7 ] . 

Pilot  ignition  Implies  the  presence  of  an  open  flame  near  the 
irradiated  wood,  while  spontaneous  ignition  implies  the  absence  of  a 
nearby  flame.  In  the  context  of  the  VM,  the  flash  fire  provides  a flame 
nearby  the  irradiated  wood,  while  pool  burning,  as  a general  rule,  does 
not.  Thus  equation  (D-19)  was  ..nosen  to  provide  a basis  for  an  ignition 
criteria  in  the  case  of  flash  fire,  while  equation  (D-20)  was  used  for 
the  case  of  pool  burning.  The  product  of  constants  Kps  was  chosen  to  be 
the  average  of  those  materials  tested  by  Lawson  and  Simms;  likewise  the 
critical  intensities,  Is  and  Ip,  were  taken  to  be  the  average  for  those 
materials  tested.  These  average  values  are  given  by: 


Ip  * 0.32  cal/cm2 /sec  ■ 13,400  Joules/m2 /oec  (D-21) 

Ia  * 0.61  cal/cm2/sec  * 25,400  Joules/. /sec  (D-22) 

Kps  ■ 5 x 10' 6 cal2/cm5/(°C) r/sec  (D-23) 

For  these  average  values,  equation  (D-19)  and  (D-20)  become  respectively, 
(I  - 1.34  x 10"  J/m2/s)  t2^  - 8050  J/m2/^5  (D-24) 

and 

(I  - 2.54  x 10*  J/ra2  /s)  t*;s  - 6730  J/m2/s^  (D-25) 
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From  these  equations  the  following  criteria  for  ignition  of  structures 
are  obtained. 

For  ignition  from  flash  fire: 

1.  The  vapor  concentration  at  grid  cell  center  must  be  between  the 
limits  of  flammability  for  the  spilled  substance  (this  to  assure  the 
presence  of  a pilot  flame) . 

2.  The  radiation  intensity,  Ir,  must  exceed  the  value 
I„  - 1.34  x 10“ 


nr  - s 


3.  The  effective  duration  of  the  radiation,  te£j,  must  exceed  the 
value  given  by: 


7.22  x 10s 


Hi 


(Ir  - Ip) 


*/2 


(D-26) 


i.e. , 

If  teff  _>  tp  then  there  is  ignition  of  structures 
II  ceff  < cp  then  there  is  no  ignition  of  structures 
For  ignition  from  pool  burning: 

1.  For  every  grid  cell  look  up  the  radiation  intensity,  Ir,  at 
the  cell  center. 

2.  The  radiation  Intensity  at  the  cell  center  must  exceed  the 
value , 


I8  - 2.54  x 10 


k Joules 


by, 


m2  - s 

3.  The  duration  of  the  pool  burning,  t , must  exceed  the  time  given 


s / *• 


6.10  x 10 


L <Ir 

- 1.) 

J 

(D-27) 

If 

cb 

— Is 

then 

there 

Is 

ignition  of 

structures 

If 

cb 

< t8 

then 

there 

1 9 

no  Ignition 

of  structures 

I 

i 

I 

! If  these  ignition  criteria  are  satisfied  at  the  cell  center  (:ia«  • fire 

or- pool  burning),  one-fourth  of  the  structures  in  the  cel1  .'re  a.-suced 
to  ignite.  This  assumption  was  made  to  account  for  the  fact  H:ul  30 me 
structures  will  be  shielded  from  thermal  radiation  by  other:-. 

As  with  inanimate  objects,  burn  damage  to  people  depends  on  a com- 
bination of  radiation  level  and  duration.  The  relation  between  level 
and  duration  has  been  the  subject  of  considerable  attention  from  the 
nuclear  weapon  effects  community.  In  Table  D-14,  taken  fror.  reference 
[D3],  the  radiation  level  required  to  cause  certain  damage  is  given. 

The  thermal  radiation  is  the  thermal  radiation  intensity  integrated  over 
time  and  is  parameterized,  not  by  pulse  duration,  but  by  weapon  yield. 

For  our  purposes,  we  require  a thermal  radiation  intensity  level  and  an 
effective  duration. 

A standard  reference  [D8]  provides  a formula  to  calculate  the 
effective  duration  of  the  thermal  pulse  of  a nuclear  weapon  from  a knowl- 
! edge  of  the  yield.  By  calculating  the  thermal  pulse  duration  and 

dividing  into  the  integrated  radiation  values  displayed  in  Table  D-14, 

! the  desired  data  are  obtained.  Table  D-15  gives  the  critical  radiation 

1 intensity  levels  required  to  cause  various  levels  of  damage,  for  various 

sizes  of  weapons.  The  effective  time  durations  given  at  the  bottom 
margin  of  the  table  are  the  calculated  time  durations  of  the  thermal 
pulse  for  the  weapon  size  indicated. 

From  the  data  in  Table  D-15,  it  may  be  deduced,  that  the  effects  of 
thermal  radiation  are  generally  proportional  to  tl’3,  where  t is  the 
time  and  I is  the  radiation  intensity.  For  the  20KT,  1MT,  and  20MT 
bomb  data,  the  critical  levels  of  radiation  intensity  were  converted  to 
MKS  units  and  the  dosage,  in  the  quantity  tl'3,  was  calculated.  The 
results  thus  obtained  for  lethal  levels  are  presented  in  Table  D-16. 

From  these  data  the  probit  equation,  FI,  for  death  from  burns  in  a flash 
fire  is  calculated: 

Probit  «=  -14.9  + 2.56  x loge(tI^3  x 10‘")  (D-28) 

where  t is  in  seconds  and  I is  in  Joules/d2 /sec . 

For  nonlethal  burns,  we  are  interested  only  in  the  threshold. 
Averaging  the  three  values  given  in  Table  D-15  for  first-degree  burns, 
the  criterion  obtained  by  a curve  fit  is: 

tl5  ’ 1 5 550,000 

where  I it  in  Joules/m2 /sec  and  t is  in  seconds.  A power  law  of  1.15 
fits  this  data  better  than  the  4/3  power  found  for  the  lethal  levels. 

If  the  value  tgffl1'15  exceeds  5.5  x 10s  then  first-degree  burns  are 
presumed  to  occur  in  those  cells  where  the  vapor  concentration  is  within 
flammable  limits  at  the  cell  center.  Bum  deaths  from  pool  burning  are 
assessed  by  probit  equation  (D-28)  except  that  actual  burning  time  and 
radiation  level  are  used  instead  of  effective  values  as  in  the  case  of 
flash  fire. 

(D8]  Glasstone,  S.,  ed.  The  effects  of  nuclear  weapons,  p.  357  f f . , 

USAF.C , April  1962. 
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Critical  event 


2 

Thermal  radiation  in  cal/cm 
for  indicated  explosive  yield 

1 00  kt  1 Mt  10  Mt  20  Mt 


First  degree  burn 

2.5 

3 

4 

Second  degree  burn 

4.  5 

5 

6.5  9 

10 

Lightly  clothed  (summer) 

Few  if  any  injuries 

2.  5 

3 

4 

Significant  injury 
thre  shold 

4 

4.  5 

6 8.  5 

9.  5 

Lethality 

Threshold 

5 

6.  0 

8 10.  0 

1 1 

Near  50  per  cent 

9 

11.0 

14  18.0 

20 

Near  100  pc  r 
cent 

20 

24 

31  40 

43 

Burns  due  to  hot  debris 

No  biological  criteria 

available, 

and  hot,  dust-laden  air. 

but  probably  a serious  problem 
for  large-yield  explosions. 

20  KT 

100  KT 

1 MT 

10  MT 

20  MT 

1st  degree  burn 

1.75 

.297 

.0886 

2nd  degree  burn 

3.14 

1.56 

.643 

.281 

.221 

Slightly  clothed 
(summer)  few  if  any 
injuries 

1.75 

.297 

.0886 

Significant  injury 
threshold 

2.80 

1.405 

.594 

.266 

.210 

Lethality 

Threshold 

3.50 

1.875 

.792 

.312 

.243 

Near  50% 

6.30 

3.44 

1.385 

.563 

.442 

Near  100% 

14.0 

7.5 

3.07 

1.25 

.952 

Effective  Time 
Duration(s) 

1.43 

3.20 

10.1 

32.0 

',,.2 

TABLE  D15 

CRITICAL  RADIATION  INTENSITY  LEVELS  AND  DURATIONS  REQUIRED 
FOR  CERTAIN  TYPES  OF  INJURY 

C d ^ 

(Thermal  radiation  intensity  in  ^2“ -] 


Relationship  between  thermal  injury  and  the  radiation  intensity 
and  duration.  Based  on  the  data  given  in  Table  D14, 


muittHUti 


1.43 

10.1 

45.2 

1.43 

10.1 

45.2 


Radiation 

Intensity 

3.50 

146,000 

.792 

33,100 

.243 

10,200 

6.30 

263,600 

1.385 

57,950 

.442 

18,500 

14.0 

586,000 

3.07 

128,000 

.952 

39,800 

Dosage 

tl4/3 

1099 

X 

104 

1073 

X 

1°4 

1000 

X 

io4 

2417 

X 

104 

2264 

X 

10* 

2210 

X 

io4 

7008 

X 

104 

6546 

X 

lot 

6149 

X 

io4 

TABLE  D16 

RELATIONSHIP  OF  DEATH  FROM  RADIATION  BURNS  TO  RADIATION 
LEVEL  AND  DURATION 


Based  on  data  in  Table  D15.  The  s >iencc  of  data  Is  for 
20KT,  1MT,  and  20MT  weapons.  The  do-.;ie  h - been  calculated 
for  the  radiation  intensity  ,o>'i  - -/n^/sec . 
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INHALATION  TOXICOLOGY  OF  CHLORINE  AND  AMMONIA 


Emphasis  has  been  placed  on  human  inhalation  toxicology  of  chlorine 
and  ammonia  since  these  are  clearly  the  most  significant  toxic  hazards  of 
the  five  substances  of  immediate  concern  in  the  VM.  A full  treatment 
would  consider  also: 

• Human  inhalation  toxicology  of  LNG,  methanol,  gasoline,  and 
combustion  products 

• Human  ingestion  toxicology  of  all  five  materials 

• Effects  on  other  land  fauna,  and  on  flora 

• Effects  on  aquatic  biota 

• Impairment  of  beneficial  water  uses  in  general. 

Some  data  and  comments  on  these  are  summarized  at  the  end  of  this  section. 


General 


The  Vulnerability  Model  translates  concentration/ time  histories  or 
cumulative  dcses  into  percent  response  of  an  exposed  population  in  each 
grid  cell.  These  are  then  converted  into  estimated  numbers  of  casualties 
by  using  population  numbers  in  each  cell.  The  basic  response  data  are  for 
unprotected  healthy  adults  in  the  open.  The  question  of  high  risk  popu- 
lations - very  young,  very  old,  sick  - rs  dealt  with  in  a later  section. 
Reduction  of  hazard  by  physical  protection,  e.g.,  in  closed  buildings  with 
recirculated  air,  is  not  a toxicological  problem  but  a matter  of  applying 
a proportionality  factor  to  calculated  open-air  exposuiea. 


Levels  of  Response 

Response  to  increasing  exposure  ranges  from  threshold  odor  and  irri- 
tation to  death.  Sublethal  effects  must  be  considered.  The  most  drastic 
of  these  may  involve  permanent  or  long-term  impairment,  but  transient  effects 
are  likely  to  be  more  important.  They  may  cause  temporary  incapacitation 
and  even  if  there  is  no  actual  harm,  harm  may  be  imagined.  The  number  of 
people  exposed  to  "threshold"  effects  is  likely  to  be  many  more  than  those 
experiencing  dangerous  exposure. 

Examination  of  the  toxicological  effects  of  chlorine  and  ammonia  sug- 
gests three  basic  levels  for  consideration:  (1)  odor,  (2)  respiratory  and 

eye  irritation,  and  (3)  death.  These  correspond  to  three  levels  of  public 
receptor  response:  awareness  of  abnormal  environment,  possibly  eliciting 

complaint;  actual  harassment  and  temporary  Incapacitation,  leading  to  com- 
plaint and  perhaps  some  real  harm;  and  death.  The  toxicological  properties 
of  chlorine  and  ammonia  are  such  that  long-term  impairment  is  Kkely  to  be 
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significant  only  in  aggravation  of  pre-existing  conditions  such  as  chronic 
respiratory  disease.  This  does  not  mean  that  there  will  be  no  long-term 
effects,  but  that  they  will  be  minor  relative  to  the  total  consequences: 
see  the  following  section. 


Long-Term  Effects 

The  question  of  permanent  harm  was  considered,  with  particular  refer- 
ence to  chlorine.  Should  we  Include  this  category  of  effect,  between  the 
categories  of  temporary  hospitalization  and  death?  A search  of  the  liter- 
ature relating  particularly  to  World  War  1 and  to  major  accidental  spills, 
and  discussion  with  two  eminently  qualified  toxicologists  [El,  E2],  sub- 
stantiated the  view  that  the  relative  importance  of  this  category  was  low 
-nough  to  justify  ignoring  it:  i.e.,  the  percentage  of  permanent  casualties 

would  be  very  small. 

The  most  recent  paper  seen  was  Weill  e>t  al.  ( E3 ] . They  say  that  their 
data  for  subjects  seven  years  after  an  accidental  exposure  to  chlorine  "are 
consistent  with  the  prevailing  clinical  view  that  significant  permanent  lung 
damage  does  not  result  from  acute  exposure  to  chlorine  gas."  Reports  refer- 
enced in  their  paper  support  this  finding:  for  example,  "no  evidence  that 

chlorine  intoxication  produced  residual  pulmonary  disease"  in  the  33  most 
severely  affected  victims  of  a major  accident;  a large  survey  of  industrial 
exposures  did  not  find  "any  evidence  of  permanent  damage  to  the  respiratory 
tract";  another  study  including  war  casualties  found  that  "permanent  pul- 
monary injury  was  rare."  The  common  belief  in  extensive  permanent  dis- 
ability is  apparently  based  on  World  War  I gas  casualties,  but  Vedder,  in 
The  Medical  Aspects  of  Chemical  Warfare  [E4],  presents  the  view  that  a 
strong  bias  is  introduced  by  the  incentive  of  permanent  pensionable  status, 
and  says  that  "very  few  individuals  have  any  pathological  basis  for  symp- 
toms more  than  a year  after  even  the  most  severe  gassing"  and  most  recov- 
eries are  very  much  earlier. 

There  are  a few  reports  of  effects  other  than  pulmonary,  more  than  a 
year  after  exposure:  these  include  cardiac  irregularity  and  anxiety  reac- 

tions, but  the  percentage  vs.  total  casualties  is  low. 

Our  conclusion  is  that  the  incidence  of  permanent  effects  is  certainly 
low  and  probably  negligible  in  the  context  of  the  VM  study;  this  is  more 
evidently  true  for  pulmonary  effects  than  for  other  effects  which  have 
received  less  attention.  This  conclusion  applies  here  only  to  chlorine  and 
to  ammonia,  the  effects  of  which  arc  essentially  acute  and  short-term. 


[El]  Kramer,  C.  G.  Personal  communication,  1974. 

(E2)  Wands,  Ralph  M.  Personal  communication,  1974. 

[E3]  Weill,  H.,  G.M.  Schwarz,  and  M.  Ziskind.  Late  evaluation  of  pulmonary 
function  after  acute  exposure  to  chlorine  gas.  Am.  Rev.  Resp.  Dis. 
99:374-379,  1969. 

[E4]  Vedder,  F..B.  The  Medical  Aspects  of  Chemical  Warfare.  Williams  and 
Wilkins  Co.,  Baltimore,  1925. 
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The  Significance  of  Concentration  and  Dosage 


In  Inhalation  toxicology  the  following  variables  are  important: 


Concentration  of  toxic  gas 

(a)  Peak 

(b)  Average 

Time  of  exposure 

Breathing  rate  ("respiratory 
minute  volume") 

Retention  of  inhaled  materia 

Dosage 

Dosage  lethal  for  50X  of 
those  exposed 

Note  the  special  usage  of  the  term  "dosage"  for  the  product  of  concentration 
and  time.  It  is  not  to  be  confused  with  "dose",  which  is  the  amount  actually 
retained  and  depends  on  the  breathing  rate  and  percent  retention.  Dosage  is 
the  same  for  all  subjects  exposed  to  the  same  cloud,  no  matter  whether  they 
breathe  fast  or  slow,  or  put  on  gas  masks. 

Ir.  the  VM  development  we  are  concerned  with  both  concentration  and 
dosage.  For  example,  men  exposed  to  a concentration  of  150  ppm  of  ammonia 
lacrimace  immediately  and  continue  to  do  so  until  removed  to  clean  air,  but 
do  not  risk  other  effects.  Exposed  to  15  ppm  of  chlorine  they  similarly 
experience  immediate  harassment,  but  in  this  case  there  Is  also  a cumula- 
tive effect  and  after  an  hour  or  so  at  this  concentration  it  is  likely  that 
some  will  die:  i.e.,  we  are  concerned  with  the  dosage  (concentration  times 
time)  as  well  as  the  level  of  concentration.  At  a higher  concentration, 
deaths  occur  after  shorter  exposure.  Haber's  law,  Ct  - k,  is  widely  appli- 
cable to  toxic  gases  but  unfortunately  not  to  chlorine  over  a wide  range  of 
concentration.  The  reason  is  that  chlorine  attacks  by  two  mechanisms: 
immediate  respiratory  spasm  from  intense  irritation,  and  delayed  (ca.  24 
hours)  effects  from  oxidative  and  other  destructive  effects  on  lung  tissue: 
the  first  effect  is  a function  of  concentration  and  the  second  of  dosage. 
Hence,  as  concentration  Increases  the  acute  effect  becomes  more  important 
and  progressively  dominates  the  other:  that  is  to  say,  the  50%  lethal 

dosage  (LCt^)  decreases. 

High  Risk  Populations 

There  is  no  doubt  that  dose  response  estimates  based  on  healthy  adults 
will  underestimate  the  sensitivity  of  certain  sectors  of  the  population, 
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min 


liter  min 


-1 
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notably  the  very  young,  old  and  sick.  Kramer  [E5]  has  coranented  on  this  in 
relation  to  chlorine,  and  it  Is  interesting  to  note  that  the  one  death  among 
100  treated  casualties  in  the  1961  Louisiana  chlorine  spill  was  an  11-month 
old  infant  [E6].  (Older  siblings  who  were  similarly  exposed  did  not  die.) 

The  problem  in  attempting  to  assign  appropriate  factors  is  that  there  are 
virtually  no  sound  data.  Such  indications  as  we  have,  come  from  accidents 
like  the  one  just  mentioned,  in  which  there  are  of  course  no  measurements 
of  the  degree  of  exposure.  And  extrapolation  from  animal  experiments,  always 
a questionable  matter,  is  even  less  trustworthy  in  modeling  groups  such  as 
human  infants  or  advanced  emphysema  patients. 

The  problem  was  discussed  with  Kramer  (see  footnote  [El])  who  confirmed 
the  absence  of  data  but  said  that  in-plant  experience  was  that  subjects  with 
well-established  bronchitis/emphysema  are  "much  more  sensitive"  to  chlorine. 
He  remarked  that  the  7-8  ppm  region  of  chlorine  concentration  is  a critical 
one  in  which  exposure  may  be  tolerated  with  lasting  harm,  especially  in 
susceptible  subjects:  i.e.,  the  concentration  is  net  above  the  level  of 

tolerance,  but  after  some  time  the  cumulative  dosage  (and  the  retained  dose) 
may  hospitalize  the  subjects  with  pulmonary  edema,  etc. 


We  suggest  that  high  risk  populations  be  defined  as  (a)  infants, 

(b)  those  over  70  years,  and  (c)  others  with  advanced  pulmonary/cardio- 
vascular disease  (as  defined  by  some  acceptable  medical  criterion,  not  yet 
established).  These  groups  should  be  aggregated.  A proposed  scaling,  which 
we  have  applied  to  specific  concentrations  and  exposure  times  for  chlorine 
and  ammonia,  is: 

Deaths,  % 

Genera^  High  Risk 

Level  of  Effect  Population  Population 

Severe  harrassment  with  some  risk  0 25 


Lethal 


3 


50 


Lethal 


50 


100 


We  recognize  that  these  are  guesses  and  probably  on  the  high  side,  but  it 
seems  better  to  be  pessimistic  about  the  effects  than  to  ignore  an  augmenting 
factor  which  certainly  exists  and  may  be  substantial. 


Estimating  Dose  Response  Relationships  for  the  VM 

Most  of  the  published  work  with  toxic  vapors  is  directed  towards  es- 
tablishing response  levels  rather  than  dose  response  regression  equations: 
e.g. , odor  and  irritation  thresholds,  maximum  acceptable  concentrations,  and 
exposures  that  are  "dangerous"  or  "lethal".  Experiments  are  often  reported 
this  way:  e.g.,  in  an  ammonia  inhalation  experiment,  volunteers  were  "all 


[E5]  Kramer,  C.G.  Chlorine.  J.  Occup.  Med.  9:193-196,  1967. 

[E6]  Joyner,  R.E.,  and  E.G.  Durel.  Accidental  liquid  chlorine  spill  in  a 
rural  community.  J.  Occup.  Med.  4:152-154,  1962. 
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of  the  opinion  that  no  person  would  remain  in  such  an  atmosphere..."  There 
are  limited  data  on  volunteers  exposed  to  controlled  concentrations  to 
determine  odor  and  irritation  thresholds,  but  none,  of  course,  on  dangerous 
and  lethal  exposures.  Available  data  for  humans  are  therefore  estimates, 
based  on  extrapolations  and  accidents,  plus  the  few  low-level  laboratory 
data. 


The  need  in  the  VM  is  for  dose  response  models  which  can  translate 
exposure  into  percent  effects  in  the  exposed  population.  Our  approach  to 
estimating  data  which  are  experimentally  unavailable  is  as  follows: 

Dose  response  data  for  lethality  of  chlorine  were  taken  from  four 
experiments  with  mice  [E7],  two  with  rats  [E8],  and  one  with  doge  [E9]. 

These  are  plotted  on  Figure  El.  Dose  response  data  for  nose  and  throat 
irritation  by  ammonia  in  man  are  also  plotted  [E10].  It  is  the  slopes  that 
interest  us,  because  we  want  to  use  these  data  to  help  us  estimate  percent 
response  at  various  dosage  levels  from  estimates  at  one  particular  level, 
and  it  will  be  seen  that  the  chlorine  dose-response  lines  have  similar 
slopes  and  the  ammonia  slopes  are  not  greatly  different.  (Dose  units  are 
not  shown  and  the  lines  are  arbitrarily  placed  with  respect  to  the  dose 
axis,  because  we  are  not  interested  in,  for  example,  the  actual  dose  which 
kills  a mouse;  It  is  the  slope  we  are  using.)  Slopes  were  averaged  and 
composite  lines  for  chlorine  lethality  and  ammonia  irritation  were  drawn, 
passing  for  convenience  through  the  intersect  of  50%  response  and  unit  dose. 
The  relative  doses  for  90%  response,  vs.  unit  dose  and  50%  response,  are 
1.54  for  chlorine  and  1.78  for  ammonia.  These  figures  differ  by  only  0.12 
or  7%  from  their  average  of  1.66.  The  similarity  of  dose  response  for  dif- 
ferent subjects,  concentrations  and  effects  suggests  that  we  may  justifiably 
use  the  composite  chlorine  lethality  line,  for  example,  to  estimate  dosages 
for  various  lethality  rates  in  man  from  a published  estimate  of  the  50% 
lethal  dosage. 

This  proves  to  be  ,iot  inconsistent  with  the  estimates  of  "dangerous" 
and  "lethal"  exposures  to  chlorine  in  the  National  Academy  of  Sciences 
Guide  for  Short-Term  Exposure  (Ell]: 

Dangerous  exposure  is  given  as  14  to  21  ppm,  1/2  to  1 hour. 

The  corresponding  dosage  ■ 14  + 21  0.5  4-  1 - 13  ppm-hr 

2 * 2 

Lethal  exposure  is  given  as  34  to  51  ppm,  1 to  1-1/2  hour. 

The  corresponding  dosage  ■ 34  + 51  1 + 1.5  ■ 53  ppm-hr 

2 X 2 


[E7 ] Weed on,  R.  F.,  et  al.  Toxicity  of  ammonia,  chlorine,  hydrogen  cyanide, 
hydrogen  sulfide  and  sulfur  dioxide,  Contr.  Boyce  Thompson  Inst.  II, 
p.  365f f . , 1940. 

[E8]  Silver,  S.D.,  and  F.P,  McGrath.  Chlorine  median  lethal  concentration 
for  mice.  DATR  351,  Edgewood  Arsenal,  Md.,  May  9,  1942. 

I E9 ] Silver,  S.D.  et  al.  Chlorine  median  lethal  concentration  for  mice. 

DATR  373,  Edgewood  Arsenal,  Md.,  July  17,  1942. 

( E10 ) American  Conference  of  Governmental  Industrial  Hygienists.  Documentation 
of  threshold  limit  values  for  substances  in  workroom  air,  3rd  ed . 

ACGIH,  Cincinnati,  Ohio,  1971. 

[Ell]  National  Academy  of  Sciences  - National  Research  Council,  Committee 
on  Toxicology.  Guides  fot  short-term  exposures  of  the  public  to  air 
pollutants.  VIII:  Guide  for  chlorine.  NAS-NRC,  Washington,  March  1973. 
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If  we  assume  that  "dangerous"  means  5/100  dead  and  "lethal"  means  90/100 
dead,  we  get  the  chlorine  lethality  line  of  Figure  El  (the  line  at  the 
extreme  left)  which  agrees  very  tolerably  with  the  animal  data. 


Notes  on  Toxicology 

Some  notes  are  collected  here  which  are  relevant  to  chlorine  and  am- 
monia in  the  context  of  the  VM.  Duta  are  from  the  NAS-NRC  reports  (see 
footnote  (Ell]  and)  (E12]. 

Chlorine 


TLV  (Threshold  Limit  Value  - this  is  the  upper  limit  for  regular 
and  indefinitely  continued  occupational  exposure  established 
by  the  American  Conference  of  Governmental  Industrial  Hygi- 
enists: ACGIH,  1971.) 

1  ppm  time-weighted  average  for  8-hr  working  day 
3 ppm  permissible  excursion  for  15  min. 

STPL  (Short  Term  Public  Exposure  Limit  - mild  odor,  minimal  irritation, 
no  health  hazard.) 

1 ppm  for  10  min. 

0.5  ppm  for  30  min. 

0.5  ppm  for  60  min. 

PEL  (Public  Emergency  Limit  - strong  odor,  some  irritation;  these 
are  ceilings,  not  averages.) 

3 ppm  for  10  min. 

2 ppm  for  30  min. 

2 ppm  for  60  min. 

EEL  (Emergency  Exposure  Limit  - proposed  by  Zielhuis  [E13],  for 
chlorine  in  manufacturing  areas,  transport  and  storage.) 

7 ppm  for  5 min. 

5 ppm  for  15  rain. 

6 ppm  for  30  min. 

3 ppm  for  60  min. 


[E12]  National  Academy  of  Sciences  - National  Research  Council,  Committee 
on  Toxicology.  Guides  for  short-term  exposure  of  uhe  public  to  air 
pollutants-  IV:  Guide  tor  ammonia.  NAS-NRC,  Washington,  November  1972. 

( El. 3 ] Zielhuis,  R.L.  Tentative  emergency  exposure  limits  for  sulfur  dioxide, 
sulfuric  acid,  chlorine,  and  phosgene.  Ann.  Occup.  Hyg.  13:171-176, 
1.9?0 . 
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Ammonia 


TLV  25  ppm 


Occupational  celling  (recommended)  50  ppm 

Odor  Reported  threshold  5 ppm  to  50  ppm:  lower  value  is 

probably  correct  for  near  1002  detection,  upper  limit  for 
100%  in  all  circumstances. 

100-500  ppm  Irritant  but  tolerable.  100  ppm  for  8-hour  working 
day  causes  irritation  but  no  adverse  effect.  This 
is  the  generally  accepted  threshold  of  tolerance 
and  in  one  experiment  all  agreed  140-200  ppm  was 
not  willingly  tolerable;  however,  in  another  experi- 
ment volunteer b inhaled  500  ppm/30  min. 

400-700  ppm  Strongly  irritant,  but  infrequent  brief  (1  hour) 
exposure  has  no  serious  effect. 

2000-3000  ppm  Convulsive  coughing,  very  irritant,  may  be  fatal; 
no  permissible  minimal  time. 

Over  2500  ppm 

(2500-6500)  Dangerous  in  1/2  hour. 


5000-10,000  ppm  Rapidly  fatal. 

Long  industrial  experience  indicates  no  permanent  injury  from  lifetime 
working  exposure  below  the  level  of  intolerable  acute  effects. 


20  ppm  for  10  min. 
10  ppm  for  30  min. 
10  ppm  for  60  min. 


(Note  however  that  odor  is  objectionable 
to  many,  who  may  complain  at  any  exposure, 
however  brief,  above  their  threshold  of 
olfactory  perception.) 


100  ppm  for  10  min. 

75  ppm  for  30  min. 

50  ppm  for  60  min. 

fnterpretatlon  of  Data  and  Selection  of  Levels  of  Exposure/Effect 


There  are  two  problems: 

• Estimates  of  hazardous/lethal  exposures  for  man  are  necessarily 
guesstimates,  based  on  animal  experiments,  non-hazardous  exposures 
on  man,  and  non-quantitative  accidents. 
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• With  these  highly  irritant  gases  the  immediate  effect  of  concen-  1 

tratlon  contributes  largely  and  may  dominate  the  cumulative  effect  , 

of  dosage.  Hence  one  cannot,  for  example,  use  a constant  value 
the  SOX  lethal  dosage  outside  a limited  time  (or  concentration) 
range. 


The  following  dosage-response  estimates  were  used. 


Chlorine 


Concentration 

Time 

Effect 

3 ppm 

Any 

No  risk,  but  public  complaints  with  some 
harassment  (NAS  Public  Exposure  Limit 
for  10  min.  is  3 ppm) 

7 ppm 

1 hour 
or  more 

Strong  to  intolerable  irritation,  with 
some  risk  to  highly  susceptible  sub- 
jects only 

20  ppm 

Several 

hours 

50%  lethal  (our  estimate,  based  on  the 
following  1 hour  figure) 

33  ppm 

ca.  1 
hour 

50X  lethal  (based  on  the  figures  in  the 
NAS-NRC  report  referred  to  in  footnote 
(Ell)) 

60  ppm 

ca.  10 
minutes 

50%  lethal  (our  estimate) 

Ammonia 

Concentration 

Time 

Effect 

20  ppm 

Any 

Odor  detected  by  majority  of  population 

100  ppm 

Any 

Irritation  and  complaint 

500  ppm 

Any 

Strong  to  intolerable  irritation,  with 
risk  to  high  susceptible  individuals 

2500  ppm  to 
5000  ppm 

Fatalities  mostly  from  a few  in  the 
first  5 minutes  to  90%  to  100%  after  1 
hour,  depending  on  concentration 

Above  5000  ppm 

100%  fatal.  Heavy  casualties  in  5-10 
minutes,  and  shorter  exposures  are 
unlikely  in  practice  (Neither  short  time 
of  cloud  passage  nor  effort  to  escape  is 
likely  to  reduce  casualties  much  below 
100%  at  these  concentrations) 

Dose  response  figures  for  irritation  in  man  are  available  but  seem  of 
doubtful  value:  (1)  the  levels  for  odor/irritation  are  for  majority  of 

exposed  population  and  there  is  not  much  benefit  in  estimating  25%,  50%  etc. 
intolerably  irritated;  (2)  the  estimated  effect  at  2500-5000  ppm  in  fact 
corresponds  roughly  with  slope  estimates;  (3)  the  heavy  casualty  level  is 
not  subject  to  reduction,  for  reasons  given  above  in  the  table. 
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A Note  on  Medical  Treatment 


It  has  been  suggested  that  a crjplete  VM  could  take  account  of  medical 
treatment.  This  does  not  appear  ne  essary  for  the  particular  cases  of 
Inhalation  effects  of  chlorine  and  ammonia,  though  it  certainly  will  be  in 
other  areas.  The  reason  Is  that  the  consequence?  of  exposure  are  largely 
determined  during  the  exposure  and  not  too  much  can  be  done  except  for 
shock,  coma,  and  respiratory  arrest.  For  ether  patients,  rest  (perhaps  with 
sedation)  and  oxygen  are  helpful.  For  chlorine  especial.y,  intermittent 
positive  pressure  oxygen  has  been  recommended;  also,  cough  suppressants  and 
bronchodilators . But  it  seems,  on  the  whole,  that  if  a patient  is  going  to 
die  or  be  hospitalized,  his  fate  is  pretty  well  settled  at  the  termination 
of  exposure.  Medical  treatment  will  do  some  good  and  medical  ethics  demand 
utmost  effort  — but  in  terms  of  VM  casualty  estimates,  the  difference  is 
likely  to  be  insignificant. 

Note  incidentally  that  references  here  to  lethality  are  not  limited  to 
death  during  the  specified  exposure  but  Include  later  death,  usually  quite 
early  (though  there  may  be  a small  proportion  after  several  weeks). 


Notes  on  Other  Topics 


Human  Toxicity  by  Inhalation  of  LNG.  Methanol,  and  Gasoline 


The  American  Conference  of  Governmental  Industrial  Hygienists 
(see  footnote  [E10])  classes  methane  and  related  aliphatic  hydro- 
carbons among  the  "simple  asphyxiant,  non-toxic"  gases.  (Pentane 
is  given  a TLV  of  500  ppm,  being  slightly  narcotic;  however,  the 
fatal  concentration  is  estimated  as  130,000  ppm.)  We  conclude  that 
LNG  is  non-toxic  in  the  context  of  the  VM.  However,  consideration 
should  be  given  to  the  risk  of  asphyxiation  in  high  concentrations  of 
LNG  vapor. 


Methanol  la  given  a TLV  of  200  ppm  by  the  ACGIH  (see  footnote 
( E10 1 ) , indicating  a low  level  of  toxic  risk.  It  has  been  left  aside 
for  immediate  purposes  but  should  be  reconsidered  to  determine  the 
risk  that  high  concentrations  could  .esult  in  (a)  a toxic  dose,  based 
on  known  figures  for  toxicity  by  ingestion,  or  (b)  in  asphyxia. 


Gasoline  presents  a problem,  because  its  toxic  properties 
depend  mainly  on  the  aromatic  hydrocarbon  content,  which  is  widely 
variable.  Since  the  toxicity  is  not  high,  and  no  sound  way  is 
apparent  for  estimating  a representative  value,  it  has  been  set  aside 
for  the  present. 

Combustion  products  of  the  above  substances  ar.d  of  ammonia:  it 
appears  likely  that  a combustion  source  generating  a large  amount  of 
a toxic  product  such  as  carbon  monoxide  would  at  the  same  time  generate 
so  much  heat  - and  hence  convective  turbulence  - as  to  dilute  the 
product  below  hazard  level  outside  the  fire  hazard  zone.  This  intu- 
itive conclusion  might  be  reexamined  in  any  future  work. 


Human  Toxicity  (Ingestion) 


Some  toxicity  figures  are  available,  but  we  have  not  considered 
this  problem  because  it  is  unlikely  in  the  VM  context  that  a large 
number  of  people  would  be  exposed  to  this  danger.  The  circumstances 
in  which  a large  number  of  persons  would  swallow  the  material,  or 
water  contaminated  by  it,  are  not  easily  Imagined,  Nevertheless 
some  group  of  people,  pcfsibly  uninvolved  bystanders,  might  be 
exposed  to  a significant  danger.  Therefore  further  study  is  recom- 
mended to  model  the  potential  hazard  of  polluted  waters,  so  that 
controls  on  water  usage,  both  commercial  and  recreational,  may  be 
scientifically  formulated. 

Effects  on  Other  Land  Fauna 


For  large  animals  the  lethality  figures  for  men  should  be  good 
enough  if  estimates  of  economic  damage  are  to  be  developed  later. 

Effects  on  Land  Flora 


The  le» el  of  "irritation"  in  man  appears  to  approximate  to  the 
level  of  visible  damage  in  more  sensitive  plants,  with  some  ri9k  of 
economic  damage . 

Effects  on  Aquatic  Biota 

The  range  is  so  wide,  and  the  biota  at  risk  in  specific  places 
so  varied,  that  "damage"  level  is  not  treated  at  present  in  the  VM. 

Impairment  of  Beneficial  Water  Uses 

These  seem  to  fall  outside  the  scope  of  the  model.  For  a 
specific  site  the  VM  could  be  used  to  generate  an  "exposure  history" 
for  specific  municipal /industrial  intakes,  from  which  a "damage" 
could  be  estimated:  this  might  often  be  a simple  economic  estimate 
of  the  cost  of  shutting  down  while  acceptable  intake  limits  were 
exceeded . 
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APPENDIX  F 


CASE  STUDIES 


This  Appendix  presents  fourteen  case  studies  of  actual  vapor  cloud 
fires  and  explosions,  to  provide  back-up  detail  for  the  generallzatlcn 
highlighted  in  Chapter  9.  The  cases  illustrate  three  different  kinds  of 
events : 

• Explosion  of  an  open-air  cloud. 

• Explosive  rupture  of  a pressurized  tank,  followed  by  a fireball. 

• Fireballs  without  blasts. 


Each  kind  of  event  poses  its  own  special  problems  and  hazards. 

The  fourteen  cases  are  drawn  from  a larger  pool  of  known  and  studied 
accidents,  but  they  include  all  those  which  were  reported  in  sufficient 
detail  to  be  Instructive.  The  cases  which  were  excluded  would  add  little 
to  the  picture. 

Since  this  study  was  directed  toward  unpublished  case  studies,  a large 
number  of  the  sources  are  perforce  private  communications;  but  references 
to  published  reports  are  also  given  wherever  possible.  Some  of  the 
unpublished  cases,  notably  Cases  F.l  and  F.3,  will  enter  the  literature 
when  investigations  still  going  on  at  this  writing  are  completed. 


F.l  CYCLOHEXANE  CLOUL  EXPLOSION 

FLIXBOROUGH,  ENGLAND  - I June  1974 

On  1 June  1974 , the  Nypro  caprolactam  plant  near  Flixborough, 

England,  suffered  a rupture  of  a 28-inch  diameter  oipe  carrying  cyclohexane 
at  a temperature  of  145°C  and  a pressure  of  120  psi.  The  hot  liquid  poured 
out  through  both  28-inch  diameter  ends  and  flashed  into  a mixture  of  vapor 
and  mist.  50  to  60  tons  of  cyclohexane  were  lost,  and  it  is  estimated  that 
about  1/4  of  that  (15  tons)  formed  a white,  vapor-mist  cloud  about  50  feet 
thick  and  many  hundreds  of  feet  in  diameter.  Another  estimate  indicated 
30  tons  in  a cloud  of  about  100  meters  in  radius  and  occupying  a volume  of 
at  least  a million  cubic  feet. 

The  wind  was  about  18  knots  from  the  southwest,  and  it  distorted 
the  cloud  into  the  approximate  shape  shown  in  r e following  figures.  The 
cloud  boundaries  shown  were  deduced  from  observed  carbonization,  melting  and 
soot  formation,  and  from  the  results  of  jet  flow  calculations. 

Ignition  occured  after  a delay  of  approximately  54  seconds,  probably 
at  the  reformer  furnace  of  the  hydrogen  plant;  and  a massive  explosion 
resulted.  Most  of  the  explosion  appeoreJ  to  have  been  a def lagracion , but 
it  is  felt  that  a kernel  cf  gas  obout  7 meters  in  radius  and  containing  about 
1.4  tons  of  cyclohexane  detonated  with  the  force  of  abouc  15  tons  of  TNT- 
Both  the  fact  of  detonation  and  the  size  cf  the  kernel  are  deduced  from  the 
degree  of  damage  observed. 

The  blast  was  devastating.  Processing  units,  main  pipe  racks,  tanks 
and  operating  buildings  in  the  cyclohexane  caprolactam  area  were  totally 
destroyed.  Towers  were  blown  down,  twisted,  crushed  or  bent  over  Into  piles 
of  rubbish.  Pipe  racks  were  blown  off  their  foundations  for  their  full 
lengths  and  toppled  over.  Buildings,  including  two-story,  reinforced  concrete 
buildings,  were  crushed  into  piles  of  rubble.  Exposed  steel  supports  of  the 
pipe  racks  were  shifted  five  to  ten  feet  off  their  foundations.  Large  vessels, 
towers,  etc.,  appeared  to  be  crushed  from  the  top  "as  though,  sore  giant  hand 
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had  smashed  them".  There  were  also  raging  fires  from  liquid  spillage  on 
the  northeast  side  of  the  area,  but  most  of  the  damage  appears  to  have  been 
done  by  the  blasts.  Damage  estimates  exceed  $100,000,000. 

Twenty-nine  people  were  killed,  most  of  them  in  the  plant  control 
room  which  was  completely  demolished.  Reports  available  at  this  writing  do 
not  specify  what  actually  killed  them,  but  it  appears  that  either  the  blast 
or  the  fireball  would  have  been  sufficient.  One  early,  private  report  said 
that  there  was  no  eardrum  damage,  which  would  imply  overpressures  of  less 
than  about  6 co  12  psi  and  suggest  fire  deaths;  but  such  a low  overpressure 
seems  inconsistent  with  the  observed  structural  damage  in  the  area,  and  the  report 
needs  confirmation. 


Damage  to  neighboring  structures  was  much  less  severe,  and  less 
severe  than  early  newspaper  accounts  indicated.  An  on-site  observer  reported 
that  there  was  damage  to  tile  roofs,  and  that  windows  were  broken  in  the 
village  of  Flixborough,  about  1/2  to  3/4  mile  to  the  west  aton  a hill  but  out 
of  the  line  of  sight  from  the  plant;  but  that  "the  damage  was  not  what  is 
normally  called  'severe'".  Five  or  six  dwellings  in  a row  about  half  wav 
between  Flixborough  and  the  plant  had  heavy  damage  to  windows,  doors  and  tile 
roofs;  but  their  walls  were  all  intact.  Window  breakage  was  reported  up  to 
eight  miles  from  the  plant. 


The  overpressure  in  the  center  of  the  blast  has  been  estimated  at 
approximately  25  - 30  psi  by  scaling  from  the  observed  damage  patterns.  The 
overpressure  gradient  was  also  estimated  from  the  same  observations,  and  the 
corresponding  circular  isobars  are  shown  on  one  of  the  following  figures. 

The  same  damage  patterns  were  used  to  locate  the  apparent  epicenter  of  the 
blast,  to  conclude  that  part  of  it  was  a detonation,  and  for  one  estimate  of 
the  cloud  size  and  shape. 


This  accident 
writing  (December  1974)  ; 
report.  There  even  appe 
formation  and  explosion 
the  scene.  Pending  the 
be  tentative. 


is  still  under  intensive  investigation  at  this 
and  there  will  ultimately  be  a very  derailed 


ars  to  be 

a movie  of 

the 

initial 

pipe  break, 

cloud 

- made  by 

an  amateur 

who 

just  ha 

ppened  to  be 

f i 1 mi ng 

complete , 

documented 

rep 

ort,  all 

conclusions 

should 

Sources : 


1. 

2. 

3. 


Chemical  £ Engineering  " ei 

Testimony  of  Professor  Si 
Consulting  Engineers,  at 

Several  private  comnunica 
shared  in  the  interests  o 
still  preliminary". 


US , 10  June  74,  Dage  4. 

r Fredrick  Warner,  cf  Cromer  and  Warner, 
the  court  inquiry  into  the  accident. 

tions  and  confidential  memos  which  were 
f safety  but  "not  for  attribution  because 


272 


A CYCLOHEXANE  CLOUD  WHICH  DID  NOT  IGNITE 


The  Flixborough  disaster  is  Illuminated  somewhat  by  a closely 
similar  spill  on  11  Sep  1971  at  a caprolactam  plant  in  Pensacola,  Florida, 
which  however  did  not  ignite. 


As  at  Fllxborough,  a pipe  rupture  released  a massive  amount  of 
cyclohexane  under  pressure  and  above  its  boiling  point  in  the  midst  of  a 
large  industrial  complex.  In  this  case,  74,000  pounds  of  cyclohexane  were 
released;  and  "a  sizeable  amount"  is  thought  to  have  flashed  into  vapor, 
with  the  rest  mostly  ending  up  as  mist.  It  formed  a dense,  white  cloud 
estimated  at  over  100  feet  high  by  reference  to  taller  equipment  and 
approximately  2000  feet  across  at  its  maximum.  The  wind  was  "about  at  a 
dead  calm"  at  the  time  of  the  rupture,  and  it  "picked  up  to  a very  slight 
breeze  from  the  southwest"  during  the  event.  The  attached  map  shows  a 
skecch  of  the  6ize  and  shape  of  the  cloud. 
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The  cloud  was  rich  enough  that  two  trucks  stalled  in  it  from 
lack  of  oxygen.  Some  of  it  was  drawn  into  a power  house  furnace,  causing 
the  stack  to  emit  thick,  black  smoke.  Amazingly,  the  cloud  never  did  ignite; 
and  eventually  it  dissipated  harmlessly. 

The  attached  sketch  map  shows  the  growth  of  the  cloud.  The  area 
was  a typical,  densely  built,  chemical  complex,  with  both  open  and  closed 
operating  areas,  pipe  racks,  distillation  towers,  storage  tanks,  and  the  like 
very  much  like  the  complex  at  Fllxborough,  and  with  a gridwork  of  roads  lacing 
it  in  both  directions.  Only  a few  of  the  buildings  are  shown  on  the  map  to 
give  an  idea  of  scale;  there  was  essentially  no  unoccupied  space  in  the  area. 


Source:  Private  communication  from.  Walter  B.  Howard,  Monsanto  Company. 
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Leak  site 


v' 302  LEI,  measured 
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F.  2 HTH Yl.i'N F.  Cl.OUC  EXPLOSION 

l.PNGVIF./,  TIOCAS  - 23  February  Fd71 

Or.  25  February  1971,  a 1/2- inch  ripe  carrying  high  pressure 
ethylene  gas  broke  in  an  industrial  eor.pl  ox  near  Longview,  Texas,  releasing 
an  estimated  1000  pounds  of  ethylene.  The  resulting  cl  ..--ad  Found  an.  ign.it  ion 
source  and  exploded,  breaking  numerous  ocher  pipes  and  releasing  many  thousands 
of  pounds  of  fresh  ethylene  which  then  formed  a run 'a  '..aver  cloud..  Tie  larger 
cLoud  apparently  suffocated  a gas-driven  compressor  and.  •.-.■as  itself  ignited.. 

The  second  explosion  "shook  the  earth".  It  killed  four  people  in  the  immediate 
area  and  hospitalized  60  others.  Fires,  mostly  liquid,  fed,  raged  :or  toe 
and  a half  hours;  and  the  ultimate  damage  readied  61-1,000,000. 


Damage  was  mostly  confined  to  the  industrial  complex  itself,  and. 
the  majority  of  it  was  within  1800  feet  of  the  blast  center.  A fern  windows 
were  broken  ir  t he  city  of  l.or.gview,  five  miles  away ; but  tile  pattern  of 


window  breakage  was  very  erratic  - a 

house  1-1/2  m 

•lies  aw.  iv 

VMS 

• 

The  documented  damage  is  indicated  on 
in  the  accompanying  detail  notes. 

ti.e  f o 1 1 ; w in' 

•* 

r.J.  oxnl.vl 

lied 

b 

‘\  Y • --\ 

I 

! 

i 

I 


. y 


111 


DAMAGE  NOTES: 
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Blast  site  - Completely  demolished,  but  personnel  were  found  alive  behind 
control  panels  and  in  other  protected  places.  Overpressure  estimated 
at  15  psi,  based  on  observed  damage  to  equipment. 

A - Warehouse  600  feet  east.  Building  was  150'  wide  by  500'  long.  The  sheet 
metal  roof  was  buckled  inward  but  not  fallen.  The  14-guage  sheet  metal 
walls  were  buckled  inward  but  not  detached. 

B - Processing  building  600  feet  west.  Windows  blown  in.  Brick  wall  standing 
but  ruined  and  had  to  be  pulled  down.  Sheet  metal  roof  buckled  inward 
but  not  fallen. 

C - Brick  administration  building  1300  feet  west.  About  half  of  the  windows 
on  the  blast  side  were  broken,  none  on  the  far  side.  There  was  no  brick 
damage  and  no  roof  damage. 

D - Shop  building  1200  feet  southwest.  Wire  glass  windows  broken  but  not 
torn  from  their  frames.  Brick  wall  undamaged. 

E - Open  structure  alcohol  plant  300  feet  southeast.  Open  part  undamaged; 
sheet  metal  wall  stripped  from  adjacent  weigh  building. 

F - Cooling  tower  150  feet  southeast.  Transite  siding  ripped  off. 

C - Open  sided  compressor  shed  600  feet  southeast.  Transite  roof  stripped 
off . 

H - Brick  building  400  feet  southeast.  Wall  OK;  transite  roof  gone. 

I - Processing  building  100  feet  east-  Brick  wall  smashed  and  all  glass  gone. 

Steel  frame  bent  but  standing. 

J - Warehouse  300  feet  east  northeast.  Sheet  metal  walls  largely  torn  avov , 

Sheet  metal  roof  buckled  and  pares  torn  away.  Steel  frame  largely  intact. 

K - Brick  building  100  feet  west.  Roof  gone.  Brick  wall  badly  broken  hut 

mostly  standing.  ’ 


Source : 


Private  communication  from  Mr.  William  Laudorback,  cl  Texas 
Eastman  Conpany. 
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F. 3 PROPANE  CLOUD  EXPLOSION 

DECATUR,  ILLINOIS  - 19  July  1974 

At  5:03  AM  on  19  July  1974,  a railroad  tank  car  full  of  propane 
suffered  a puncture  in  the  yards  of  the  Norfolk  and  Western  Railroad  in 
Decatur,  Illinois.  The  escaping  propane  formed  a greyish  white  ground  fog 
reaching  up  to  a height  of  10  to  12  feet  above  the  nearby  boxcars  and  spreading 
toward  the  west,  south  and  north.  There  was  'very  little"  spread  toward  the 
west.  The  wind  was  generally  from  the  north  (020°  at  10  knots);  but  local 
circulation  patterns  were  more  important.  The  temperature  was  77®F,  and  the 
dewpoint  was  68°F. 

The  cloud  found  an  ignition  source  somewhere  and  exploded.  A distant 
observer  reported  a fireball  "100  to  150  yards  in  height  and  200  to  300  yards 
in  length"  when  he  looked  up  at  the  sound  of  the  blast.  There  were  several 
more  explosions  during  the  next  ten  minutes,  apparently  as  secondary  pockets 
of  vapor  found  ignition  sources  - which  were  plentiful  by  then . 

There  were  seven  fatalities,  most  of  them  very  near  the  center  of 
the  blase;  and  there  were  152  injuries,  most  of  their,  minor  glass  cuts  and  burns 

General  damage  profiles  are  sketched  on  t'.ie  accompanying  map.  Tone 
"A"  is  the  area  of  "severe  structural  damage";  "B"  is  "scattered  structural 
and  severe  glass  damage";  "C"  is  "scattered  light  damage'"  and  "D"  is  an 
anomalous  area  of  "light  structural  and  heavy  glass  damage"  well  outside  the 
general  area  of  such  damage,  apparently  the  result  of  atmospheric  refraction 
and  focusing  of  the  blast  waves,  a not  uncommon  feature  of  blast  damage  maos. 
700  residences  had  damage,  most  of  it  minor;  but  6/  residences  were  posted 
as  unsafe.  They  were  concentrated  ;n  the  northwestern  part  of  Lone  "A",  with 
a few  of  them  in  Zone  "B"  just  to  tire  west  of  Zone  "A"  and  a few  of  thorn  in 
the  lower  end  of  Zone  "A".  A school  in  the  southeastern  uuadrart  of  Zone  "A" 
near  the  edge  had  extensive  window,  ceiling  and  partition  damage;  and  an 
unfinished  gymnasium  addition  collapsed  to  the  ground. 
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Damage  was  characteristically  erratic  and  spotty.  Even  in  the 
central  blast  area,  intact  railroad  cars  were  left  sitting  beside  completely 
destroyed  cars.  Cars  were  sometimes  split  open  as  if  there  had  been  an 
incernal  explosion,  with  the  shattered  pieces  of  wood  inside  bearing  no 
scorch  marks.  The  Norfolk  and  Western  Annex,  scene  of  several  severe  injuries, 
was  devastated  in  some  pLaces  and  practically  untouched  in  others,  despite  the 
fact  that  it  was  near  the  center  of  a large  fire. 

Nor  was  the  damage  anything  like  total  even  near  the  center  of  the 
blast.  Aerial  photos  show  intact  freight  cars  all  over  the  yard,  as  well  as 
several  areas  of  destroyed  cars.  The  industrial  buildings  adjacent  to  the 
railroad  ynr  ! look  intact  in  the  photos,  although  they  doubtless  had  extensive 
window  and  perhaps  partition  damage.  Trees,  shrubs  and  automobiles  all  appear 
intact;  and  indeed  a newspaper  account  noted  that  a row  of  trees  alongside  the 
railroad  right-of-way  all  retained  their  leaves  - except  for  one  25-foot  swath. 
The  photos  are  to  some  extent  deceiving  - after  all  there  were  67  houses  posted 
unsafe  -but  the  point  remains  that  r.on-de  lonat  i vc  gas  cloud  blast  damage  is 
by  no  means  similar  to,  say,  tornado  damage.  No  houses  '.'ere  leveled,  and  the 
aerial  phclos  give  little  hint  of  any  damage  at  all  except  in  a few  cases  (for 
example  the  school)  .,nd.  under  high  r.uinif  lc.iI  ion.  i'oonie  are  indeed  killed, 
and  property  damage  is  indeed  widespread;  but  whole  sections  of  cities  are  not 
wiped  ouc , and  repairs  are  made  relatively  quickly. 


This  explosion  is  still  under  active  investigation  at  this  writing 
(December  1974).  It  promises  to  bn  one  of  the  most  thoroughly  investigated 
and  documented  events  in  the  record,  and  it  will  reward  additional  browsing  - 
especially  in  the  NTSU  files  - alter  the  investigations  are  completed. 


S o u r c. ' s : 
1 . 


rival e common  ic.it  ions 
lowspaper  clippings  re’ 


from  personnel  ni  NISH, 
ic’.ed  at  Cal  spar.  Corporal  ion 
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BLAST  DAMAGE  MAP  - DECATUR  EXPLOSION 


A - Innermost  zone  - Severe  structural  damaee. 

B - Second  zone  - Scattered  structural  damage  (cosmetic)  and  severe 
glass  damage. 

C - Third  zone  - Scattered  light  damage. 

D - Hatched  zone  - Light  structural  damage  and  heavy  class  damage. 

- Dots  - Residences  so  damaged  as  to  be  "unsafe". 
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F,  4 VINYL  CHLORIDE  MONOMER  CLOUD  FXIM.OSION 
CLIMAX , TEXAS  - 29  June  1974 


At  7:45  PM  on  29  June  1974,  a freight  train  derailed.  at  (.  1 i rax , 
Texas,  about  tun  miles  from  th^  city  -of  Nacogdoches.  A 32,137  gallon  tank 
car  ot  vinyl  chloride  monomer  was  punctured  in  the  dcr.ii  imeiu  , «.  earing  a 
hole  about  4x4  feet  in  one  end.  The  escaping  vinvl  chloriuo  vanoi  traveled 
about  1600  feet  with  a slight  southwest  breeze  to  the  derailed  himrative 
units  where  the  vapor  was  ignited. 

The  resulting  air  blast  appears  to  have  been  a '■rue  detonation, 
one  of  the  few  that  have  been  observed  in  unennf 1 nod  gas  clouds.  It  wrecked 
the  locomotive,  destroyed  several  cars,  nulled  sane  trees  from  the  ground 
and  completely  stripped  the  foliage  iron.  all  vegetation  in  an  area  about  400 
yards  east  and  west  of  the  bl.,st  area.  "I  fees  or.  e.-t  side  the  track, 

were  pulled  the  1 List  center  , while  tree.  . :•  the  . •'posit  e • i :<•  ! the 

track  were  flattened  tr.'gp  from  the  blast  center.  Invest igators  a;  the  scene 
theorized  that  the  detonation  was  initiated  by  a . t r it  >■  shock  wave  from  the 
exploding  Diesel  engine,  whose  cylinder  head  './as  1, ! own  of)  l.v  an  internal 
explosion  thought  to  have  due  to  ingesting  vir.vl  chloride  monomer  through 
the  air  intake. 


Windows  were  broken,  in  Nam  ,: 
otherwise  there  was  remarkably  little 
There  was  no  damage  to  numerous  homes 
of  a hill,  and  there  w.is  . nly  snoi.lv  d 
quarters  of  a mile  awav  < n the  crest  .. 
Scene  received  only  light  damage,  and 
In  contrast  however , a hoese  1/4  mile 
heavy  J.imaoe.  A man  about  a mile  to  a 
reported  1 e e , * i »g.  t i ie  o a n e u s s l l"1  !'.  , Cut  t 

> - i : 1 1 i ‘.'./.l  .1  a,  ! I. . i . I ■ i : 1 

’/Me  at  : • fm,  ub  nt  lb 0 iyvt  !■:. 

tile  c.-.rth  .-Me  an. I .ih-et  ' l : eel  i.  i .-'•. 
further  i.  la  i . 


nes,  ...  . :::  n t : 7 :•  i les  r.  ■ n y : 1 

d.  am  a e to  . • t • ■. « ■ f tiac.  railroad  property, 
imrti.e.ist  o!  t'c.v  site  in  ; he  hack  side 
mage  t.:  'lie  s.-nth.  A hong  about  three 
■ ■!  hi’  ! ac.d  in  sight  of  the  wreck 

a live  directly  behind  it  received  none 
t ' . r ; ’ . 1 r guy  and  Ln.n  the  slope  :v  :eive 
r i It-  an  : r t a , t 

h.'-'l’e  "O'  c . c .ge  there  . 


e v.m  •«  ir.  . i i i r i 

»*  L i ;L  i ‘ 

* : .a-  i ; 1 : . ■>  . . 
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Preceding  page  blank 


A ft  or  tl\o  .iir  blast,  tbc  punctured  tank  car  continued  to  burn 
torch- fashion,  with  the  f 1 am-'  i -.pinning  on  a so-far  u:n!  a routed  car  of  vinyl 
chloride  in  front  of  it.  About  20  minutes  later,  the  second  vinel  chloride 


rn  i I 

ovc nri-ssurt- . 

'.Tier.  L'ais  car 

ey.nl  vied,  tie  con.  Le 

i TiC. 

about.  9 it'd 

from  one  end  o! 

L I » l'  L . 1 n K L i ’ « » i > O 1 t 

MW.'.i 

v tuver  plalo, 

, was  flattened  . 

i’.*.t!  loll  d * .1 1 I v 

across  the  remainder  of  the  truck  structure.  One  end  of  the  tank,  ar>nro>:i.-  ate  1 y 
12  feet  ill  length,  was  found  .about  r.ile  from,  the  scene  of  the  derailment 

and  explosion.  Fro.,  damaged  trees  in  tin-  patii  of  tiie  tank  head,  iL  ..ppeared 
that  tt’.e  head  was  im.I  etod  to  altitude  of  ever  b()  feet,  f lc.tr  ing  trees  of 
liiat  he  i gltt.  Tiie  tr.i  jectnrv  of  the  head  is  uncertain,  hut  it  anneal’s  that  on 
descent  iL  traveled  at  lie  rr.efe  than  .d..ul  -'.0  feel  above  the  ooound  for  an. ait 
'JOG  yards.  it  landed  i irsl  .dnuit  23a  : eel  from,  the  final  resting  place.  In 

l he  initial  !. aiding,  tiie  head  die.:  a hole  about  a feet  dec  n and  12  feet  in 


d i ar.e  t e r . din-  bean  ! eu:;,  ed  a l.  La. 


grove  i.l  s n.  j . ; I r e e. . , ! , e o t . ie  r end  ol  t . a*  , a ; neve;  a - I c an  a . 


in’'  »,  ,C'»0  /.a  I tan!;  cars  of  y„  twr  Fuel  .'nil  i -:'a.w n.  and  ve  r 
..iso  ruptured  ny  flare  iuoeivr.  I ai  d destroyed,  iut  there  is  r.  in  -.  : ; 
racket  ir.g  parts  fr.-r.  them.  T’.'u  20 ,000  gal  i or.  I cars  . eg  t a ; n i i. .'  Lex-cei 
<1  i .in.  I tic  i < :i  ’ere  als  - "ri  pture  ! in  the  der  il  iriT.l  ’..it!.  i>:  ail 

but  ti.e  re;:  , r t ; es  not  item  i r.  i i re  . my  ; men  . L or  ei-.pi  i . i ■-  r. . 


I he  initial  blast  did  ionite  oilier  i.iiiito.-.  .on  the  tr..iu  , . itc  1 ad  i ng 
raw  runhe  r .r.oi-ts  ’.a.;  on  '..’-.•ri  . ■.,,..,r.  nut  ci  ,■  .os  o.ear  ti.e  eyp  1 cs  i ,.g.  ana  Lur.-a'i*. 

buri'in,:  as  r.a;  !i  as  a rile,  start;:.,-  >•••  t lire-.  •;!...  : ••  they  fell.  n./ever, 
most  of  ti’.v  them  dai'ig.  t--  veoetat  i a c.-r.l  Ine.;  t , ..bait  !'.  : t.  ; Y'  "a:  is 
to  b : ■ L i i sides  el  Mii'  ue't  a i i : a L . :.e :a  ’./as  v ; r t ! , a 1 . v e.  lire  , r 5 ■ a s i 


to  boti,  sides  .I  the  do  ra  i i L si 
damage  bov.-nd  -.a  '/;3  yards 


'.'l  ie  n,..-  . a 'ur.es  :V;.  : : is  i Ovsu.L 


1 j r e . i : iv.itc 
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P.5  PROPYLENE  CLOUD  EXPLOSION 

EAST  ST.  LOUIS,  ILLINOIS  - 22  January  1972. 


At  6:20  AM  on  22  .January  1972,  a large  cloud  of  valorized  LPG 
(93-94%  propylene  and  5-6%  propane)  from  a punctured  tank  car  exploded  in 

the  Alton  and  Southern  Railroad  Company's  Gateway  Yard  in  Hast  St.  Louis,  j 
Illinois,  Injuring  more  than  230  persons  and  doing  more  then  $7.5  million  i 
dollars  worth  of  damage.  There  were  no  deaths,  hut  19  persons  were  j 
hospitalized,  The  injuries  were  mostly  from  lacerations. 


Tho  spill  occurcd  when  an  l.PG  tank  car  containing  28,239  gallons 
of  LPG  was  struck  and  punctu.  A by  the  coupler  of  another  car  while  rolling 
free  in  the  railroad  yard.  The  punctured  car,  with  four  oilier  cars,  rolled 
approximately  1300  feet  at  a speed  of  approximately  15  Mi’ll,  spewing  liquid 
l.PG  as  it  went,  until  it  finally  came  to  rest  as  shown  on  the  fallowing  map. 

The  LPG  vaporized  into  a visible  cloud  which  traveled  to  the  position  shown 
and  covered  an  area  of  about  5 acres  when  it  was  Ignited  by  a source  in  an 
unoccupied  caboose. 

flames  first  spread  out  horizontally,  then  an  orange  flame  spread 
upward,  and  then  a large  fireball  flared  upward  with,  explosive  force.  Almost 
immediately  thereafter,  a second,  more  severe,  explosion  occured.  The  force 
of  the  explosion  damaged  buildings  and  a number  uf  freight  cars  in  the  area  of 
the  caboose.  Some  of  the  cars  caught  fire.  Heat  from,  the  fires  damaged  some 
of  the  rails,  and  che  force  of  the  explosions  wr.rpocd  s me  if  the  switch 
targets  around  switch  stands.  The  office  building  of  the  yard  and  its  roof 
tower  were  damaged  and  some  manhole  covers  In  the  drainage  system  v eve  dislodged. 
Approximately  870  to  1000  homes  and  buildings  were  damaged  out  in  Ido  cltv. 

The  accompanying  damage  map  shows  the  pattern  of  the  damage  in  the  surround,  ing 
community , ranging  from  broken  glass  in  Area  t to  .-.on  >-is  *•  i •.•■a  • tni'a  1 d image 
in  Areas  1 and  5. 
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Prof.  Roger  Strehlow  has  analyzed  che  apparent  yield  of  the 
explosion  (from  the  given  distance/damage  data)  and  concluded  that  che 
explosive  energy  release  was  equivalent  to  thr:  from  about  2000  to  5000 
pounds  of  TNT.  This  is  about  0.1  to  0.3  percent  of  the  potential  energy 
available  if  all  the  propylene  had  mixed  scoichiomec. icnlly  with  air  and 
deconated.  Prof.  Strehlow  has  also  concluded  chat  one  or  more  gas  detonadons 
probably  occured  inside  empty  boxcars  where  che  confinement  was  apparently 
sufficient  to  permit  a def lagration-to-deconation  transition. 


Sources: 

1.  Private  communication  from  Prof.  Strehlow. 

2.  NTSB  Railroad  Accident  Report  NTSB-RAP-73-l . 

3.  Roger  A.  Strehlow,  "Equivalent  'Held  c;'  tie  l.n-ian  i>:  the 

and  Southcw  Gateway  Yard,  J-'a.’t  £l.  Lau'e,  GUir.de,  January  i 
1972.",  University  of  Illinois  Report  AAC  TR  73-3,  June  1973- 
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Plan  of  Alton  & Southern  Gateway  Yard. 


F.6  PROPANE  CLOUD  DETONATION 

FRANKLIN  COUNTY,  MISSOURI  - 9 December  1970. 


At  10:20  PM  on  9 December  1970,  an  fi-inch  pipelin.-  carrying  liquid 
propane  under  pressure  ruptured  and  spilled  propane  in  a rural  area  of  Franklin 
County,  Missouri,  about  seven  miles  south  of  the  town  of  New  Haven.  Propane, 
escaping  from  a 6-fooc  split  in  the  underside  of  the  pipe,  dug  a 2-foot-deep, 
lO-foot-diame'.t-r  .rater  and  geysered  50  to  60  feec  high,  creating  a heavy 
white  fog  which  flowed  downhill  and  slowly  filled  the  entire  shallow  valley 
nearby.  A breeze  of  5 knots  was  blowing  from  the  northeast,  the  temperature 
was  h-i#F,  and  there  was  a well-defined  temperature  inversion  with  a very  stable 
air  condition  on  the  ground.  Approximately  756  barrels  of  propane  (31,752 
gallons';  of  propane  was  released  before  l nition  ocoured,  for  a calculated 
vapor  volume  of  1.143.C72  cubic  feet.  This  vapor,  mixed  with  air  tc  form  a 
flammable  mixture,  covered  an  estimated  200,000  square  feet  of  ground. 

At  10:24  PM,  22  minutes  after  the  rupture,  the  p rop.iuo-ai r mixture 
detonated,  generating  a double  boom.  To  the  eye,  the  clou!  "ignited  simultaneously 
at  all  points  in  the  valley'.’  A huge  ball  c;  fire  immediately  followed  the  blast, 
mushroomed  upward  ,«r.d  enveloped  the  entire  area,  rolling  from  east  to  west  across 
the  valley  bottom.  ihe  thermal  colu  of  lire  was  hundreds  of  feet  high.  The 
blast,  the  noise,  and  the  pillar  of  fire  passed  over  the  area;  and  firebrands, 
broken  boards,  branches,  rubble  and  debris  fell  on  the  countryside. 


At  the  bottom  of  the  valley,  trees  were  snapped  off  like  matchst icks , 
burned,  blackened  and  strewn  over  the  ground..  In  the  open  pastureland,  many 
small  evergreens  were  uprooted  and.  large  expanses  of  grass  had  been  burned  black. 
The  uprooted  trees  nr.d  broken  branches  almost  uniformly  pointed  toward  the 
center  of  the  blast  • A rnnek-tvoe  stone  f arnae  iso  was  incinerated,  and  debris 


of  all  Varieties  was  scattered  over  the  luudsce 


A a l a a , c narred  stream. 


bank  traced  one  path  ol  I he  fire  far  more  than.  '.  ,C:->;  : cet  to  the  southeast  . 

A concrete  block,  iw-sL:  • ware':;  -use,  located  near  the  ranch-type  stone  house 
was  obii to-.Ued ; this  area  was  the  • -rig in  of  the  blast  . Another  farmhouse , 
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one-half  mile  southeast  of  rhe  detonation  origin,  was  destroyed;  the  windows 
were  smashed,  doors  were  broken  and  debris  littered  the  interior. 

Higher  up  on  the  rim  of  the  valley,  several  houses  along  the 
highway  also  took  the  full  brunt  of  the  explosion.  Glass-riddled  walls, 
broken  exposed  roof  beams  and  blown-in  windows  were  in  evidence.  Sections  of 
exterior  brick  and  stone  walls  were  torn  from  their  sidings,  and  other 
adjacent  frame  houses  were  partially  blown  down. 

Within  a two-mile  radius  of  the  blast,  major  structural  damage 

occurred  to  14  houses;  minor  structural  damage  affected  an  additional  14 

houses',  and  windows  were  damaged  In  a total  of  37  dwellings.  Within  a 7-mile 

radius,  excluding  tin..-  inner  2-mile  section,  some  17  houses  sustained  minor 

structural  damage;  and  124  houses  and  otiier  buildings  had  window  damage. 

Within  a 12-mile  radius,  which  included  the  cltv  of  Washington,  Missouri, 

12  commercial  uuilding  had  windows  blown  out,  and  87  houses  had  broken  windows. 

Two  state  policemen,  on  routine  highway  patrol  about  25  miles  fic.m,  the  scene, 

felt  two  separate  concussions,  heard  what  sounded  like  a sonic  boor,  and  then 

saw  the  fireball.  The  Citv  of  St.  Louis,  Missouri,  55  miles  away,  felt  the 

)|>  j 

detonation;  and  a reading  of  J . 5 was  recorded  on  a seismograph  there. 

The  small  map  immediately  following  this  page  shows  the  locations  and  distances 
of  damaged  h.-mc.;  in  the  immediate  area,  „nu  the  larger  man  shows  the  location 
ot  all  damage  claims  resulting  from,  the  explosion.  The  graph  relates  window 
damage  to  distance  fro,.,  the  blast  centet  . 


There  were  no  fatalities  in  this  event.  The  area  was  thinly  settled, 
and  the  few  residents  there  were  amply  warned  by  tile  roar  of  the  escaping 
propane  and  Lho  sight  of  the  spreading  cloud.  ,'i.ey  evacuated  the  valley  and 
were  all  up  oil  the  valley  rim  when  the  blast  an!  firestorm  occurred.  Ten 
persons  Ve re  treat,:!  : r injuries, 


1 h. 


v ert 


(K  i ' • r ; w , s : , t 

ground  d i s " 1 a.  »•'  c i 


ci-n.su  ! ted  , but  a 
ell  t : .uie.d  . 
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This  explosion  is  most  unusual  in  that  it  is  authoritatively 
thought  to  have  been  a detonation  and  not  just  the  usual  deflagrative 
explosion.  Buildings  were  shattered  and  obliterated,  rather  than  merely 
having  roof  and  wall  panels  torn  off.  Trees  were  uprooted  and  stripped  of 
all  foliage,  rather  chan  being  essentially  unharmed  as  in  the  usual  gas 
cloud  blast.  "The  entire  valley  lit  up  at  once"  when  the  cloud  ignited, 
rather  than  a flame  rolling  from  one  side  of  the  cloud  to  the  other  as  in 
the  usual  explosion  report. 

Not  all  of  the  propane  detonated,  of  course.  There  was  a rolling 
firestorm  following  the  blast,  and  a billowing  fireball  continued  to  burn 
at  the  rupture  site  for  the  next  twelve  hours.  Burgess  and  Zabetakis 
estimated  (from,  che  dis tance-oa-damage  data)  that  approximately  7.5%  of  the 
propane  released  prior  to  the  blast  entered  into  the  detonation  with  ar.  energy 
equivalent  to  that  from  oO  tons  of  TNT.  The  balance  burned. 

The  circumstances  that  led  to  detonation  were  a bit  unusual  too. 

The  vapor  cloud  collected  in  a valley  under  a strong  temperature  inversion, 
where  it  was  restrained  from  normal  dispersion  ar.d  where  blast  waves  could 
be  refracted  back  down  into  the  flammable  mixture.  More  importantly,  the 
blast  is  thought  to  have  grow.i  to  detonation  i K.'idc  of  a 

concrete  block  warehouse  where  the  reaction  pressure  was  not  readily  relieved. 
It  is  the  current  general  consensus  that  flammable  clouds  will  not  burn  to 
detonation  in  the  open  but  require  some  confinement;  although  the  investigators 
of  the  Flixborough  explosion  - a.'  Case  Study  F.l  - h3ve  recently  challenged 
that  view,  and  the  Climax  vinyl  chloride  cloud  appears  to  have  detonated  (Case 
Study  F.4).  The  latter  may  have  been  initiated  by  che  shock  wave  from  one 
of  Che  Diesel  engines,  which  apparently  ingested  VCM  vapor  and  suffered  an 
internal  detonation  which  blew  off  the  cylinder  head.  Roger  Strehlow  believes 
the  East  St.  Louis  railroad  yard  propylene  explosion  also  involved  a detonation 
inside  the  confinement  of  a boxcar  ( Case  Study  F.5). 


294 


'i  >pp 


Sources : 


1.  Private  discussions  with  Dr.  David  Burgess,  BuMines,  and  Prof. 

Roger  Strehlow,  Univ,  of  Illinois. 

2.  BuMines  RI-7752  "Detonation  of  a Flammable  Cloud  Following  a 
Propane  Pipeline  Break"  1973. 

3-  NTSB  Pipeline  Accident  Report,  "PhiLlips  Pipe  Line  Company 

Propane  Gas  Explosion,  Franklin  County,  Missouri,  Dccem.Oer  9,  197C", 
NTSB-PAR-72-1 . 
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F.7  CRUDE  OIL  VAPOR-MIST  EXPLOSION 
HEARNE,  TEXAS  - 14  May  1972 


Ac  12:30  AM  on  14  May  1972,  an  8-inch  crude  oil  pipeline  ruptured 
near  Hearne,  Texas;  and  crude  oil  sprayed  into  the  air  from  a 6-inch  irregular 
split  in  the  cop  of  the  pipe.  The  sparsely  populated  surrounding  countryside 
was  showered  with  crude  oil  vapors  and  liquid.  The  crude  oil  flowed  alonR 
a stream,  passed  through  culverts  beneath  a railroad  and  a highway,  and 
finally  pooled  up  on  a stock  pond  1,800  feet  away  from  the  rupture. 

Two  frame  houses  were  located  600  feet  west  of  the  leak  In  a fenced 
area  which  bordered  the  stream  on  the  north  side.  One  of  these  houses  was 
within  50  feet  of  the  scream;  the  ocher  was  100  feet  farther  north.  A petroleum 
tank-truck  operation  was  located  within  600  feet  of  the  stock  pond  on  which 
the  crude  oil  had  dammed  up. 

Ac  5 AM,  4-1/2  hours  after  the  pipe  had  split,  crude  oil  vapors 
were  ignited  by  an  unknown  source  in  or  near  the  small,  single-story  frame 
house  adjacent  to  the  crude-filled  stream.  The  resultant  explosion  and  fire 
killed  one  man,  seriously  burned  another  man  anu  a young  hoy,  and  destroyed 
the  house.  An  intense  petroleum  fire  was  kindled  along  ihe  stream,  which 
burned  over  and  under  t he  his'-. way  and  the  railroad  culverts  and,  ignited,  t lie- 
crude  oil  in  the  stuck  pond.  A fire  1800  feet  long,  and  several  hundred  feta 
high  scorched  the  entire  area  from  the  leak  site  to  the  stock  pond,  and  killed 
all  vegetation  within  this  zone.  The  highway  and  railroad  bridges  were  heat- 
damaged,  and  all  highway  and  railroad  traffic  was  stopped  by  the  fire.  The 
telephone,  railroad,  and  pipeline  communication  lines  were  melted.,  and.  the 
poles  were  burned.  7.9L3  barrels  of  crude  oil  escaped,  and  burned. 

This  rather  sketchy  case  study  has  been  in.  iu.'.ed  in  this  report 
partly  because  it  was  a flare,. dole  spi’.i  on  water  .ir.d  parti;.'  i>"ca;s"  crude 
oil  is  not  ordinarily  thought  of  as  dangerously  flammable,  however,  crude 
oil  contains  an  appreciable  percentage  . f volatile  ••■at  er  i a ’.  , av,  ! this  r.>rl  icul  ir 
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Preceding  page  blank 
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crude  was  about  10?.  (by  weight)  lighter  than  hexane.  Ten  percent  of  332,346  gallons 
(7,913  barrels)  is  33,234  gallons  of  light  hydrocarbons,  or  about  one  railroad 
tank  car;  and  the  spraying  mode  of  the  leak  would  strip  it  out  inco  the  air 
fairly  efficiently  to  yield  a flammable  cloud  much  like  that  from  a gas  leak. 

A quiet  spill  onto  the  water  of  a harbor  would  give  less  efficient  stripping 
of  course,  but  even  so  the  thin  film  of  oil  would  yield  up  its  light  ends 
content  fairly  quickly  and  lead  to  a dangerously  flammable  vapor  cloud. 


Source:  N'TSB  Pipeline  Accident  Report,  "Exxon  Pipe  Line  Comnany  Crude  Oil 

Explosion  at  Hearne,  Texas,  May  14,  1972",  NTSB-PAR-73-2 . 
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F.8  NATURAL  GAS  CLOUD  EXPLOSION  AND  FIRE 
HOUSTON,  TEXAS  - 9 September  1969 

; 

» 

At  abouc  3:40  PM  on  9 Sepcember  1969,  a high  pressure  natural  gas 
! pipeline  in  a suburb  notch  of  Houston,  Texas,  burtc  from  accidental  over- 

| pressuring  and  filled  the  neighborhood  with  a cloud  of  natural  gas.  The 

| initial  pressure  burst  produced  a concussion  that  chrew  several  people, 

within  a radius  of  250  feet,  from  their  chairs,  couches  or  beds.  There  was 
a noise  as  of  jet  engines  so  severe  that  it  was  difficult  to  hear  anything 

else,  and  the  blowing  gas  creaced  a dustscorm-like  condition  that  obscured 

visibility  in  the  area. 

Approximately  8 to  10  minutes  later,  a resident  about  200  feet 
from  the  point  of  rupture  heard  a "crackling  or  spnrking-type  noise",  followed 
j by  an  explosion  and  fire.  He  was  knocked  down  and  suffered  burns  on  his  arm 

| and  face.  Five  houses  in  a row  exploded  at  this  time,  indicating  that  the 

j escaping  gas  had  entered  into  these  buildings.  Fires  broke  out  and  raged  to 

a height  of  126  feet  at  the  rupture  point.  The  heat  of  the  fires  was  so 

I 

j intense  that  buildings  up  to  250  feet  away  were  conplctelv  destroyed.  In  all, 

thirteen  houses  were  completely  destroyed,  and  106  others  were  damaecd.  The 
total  damage  was  estimated  to  be  $500,000.00.  All  of  the  destroyed  houses 
ana  those  heavily  damaged  were  within  300  feet  of  the  rupture  point;  they  are 
located  on  the  following  sketch  map.  Between  300  and  600  feet  fre-  .he  rupture 
point,  damage  consisted  mainly  of  cracked  walls,  blistered  paint  and  broken 
windows.  From  600  to  900  feet,  damage  was  due  to  objects  falling  from  shelves 
or  walls.  The  destruction  and  heavy  damage  was  concentrated  to  the  north  of 
the  rupture  sice,  apparently  due  to  some  protecting  earth  mounds  to  the  south; 
but  the  lesser  'Image  was  consistent  in  all  directions. 

There  were  n > dejths,  partly  due  to  swift  evacuation  efforts  !u  fore 
the  explosion-1  ire ; but  nine  persons  were  injured,  two  seriously. 

Source:  National  Transportation  Safety  Board  1’lpeline  Accident  Report, 

"Mobil  Oil  Cornnrat  ion  II  i gh-l’rcssure  Natural  Gas  Pipeline,  Near 
Houston,  Texas  September  9,  1969".  NTSB-l’AR-7  1 - 1 . 


I 
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F.  9 LPG  TANK  CAR  EXPLOSIONS 

CRESCENT  CITY,  ILLINOIS  - 21  June  1970 

At  6:30  AM  on  21  June  1970,  15  railroad  cars  including  nine  tank 
cars  loaded  with  liquefied  petroleum  gas  derailed  in  the  town  of  Crescent 
City,  Illinois.  The  force  of  the  derailment  propelled  the  27th  car  in  the 
train  over  the  derailed  cars  ahead,  and  its  coupler  struck  the  tank  of  the 
26th  car  in  passing,  puncturing  that  tank.  The  released  oropane  was  ignited 
immediately  by  some  unidentified  source,  possibly  by  sparks  produced  by  die 
the  derailing  cars  or  by  the  overheated  journal  that  caused  the  derailment 
in  the  first  place.  The  initial  ignition  of  the  gas  produced  a fireball 
that  reached  a height  of  several  hundred  feet  and  extended  into  that  nart 
of  the  town  surrounding  the  tracks.  Several  buildings  were  set  or.  fire. 

The  safety  valves  of  other  tank  cars  near  the  fire  operated, 
releasing  more  propane  which  provided  more  fuel  for  die  fire.  More  heat  was 
directed  against  the  elevated  portion  of  the  27di  car,  which  increased  die 
pressures  wichin  that  car  until  it  ruptured  with  explosive  force  at  about 
7:33  AM.  The  east  end  of  the  car,  which  included  the  manway,  dug  a crater  in 
I «he  track  structure  and  then  was  hurled  about  600  feet  eastward,  where  it 

! stopped  at  an  intersection  in  town.  Fire  in  this  section  continued  there  after 

it  came  to  rest.  The  west  orul  of  the  car  was  hurled  in  a southwesterly 

direction  for  a total  distance  of  about  300  feet.  This  section  struck  and 
collapsed  the  roof  of  a gasoline  service  station.  Two  other  sizeable  portions 
of  the  tank  were  hurled  In  a southwesterly  direction  and  came  to  rest  at 
points  600  feet  and  750  feet  from  the  tank. 

! 

i At  about  9:40  AM,  the  28  car  in  die  train  ruptured.  The  south  end 

; of  the  car  was  hurled  about  200  feet  southward  across  the  street  where*  !t 

; entered  a brick  apartment  buildin.'.  The  nurd*,  eel  of  the  car  in.  hurled 

through  the  air  in  a northwesterly  direction  over  the  roofs  of  several  Louses 
and  landed  in  an  open  field.  It  continued  t"  roll  and  finally  s|.-.ppo:|  after 
traveling  about  1600  feet. 


About  five  minutes  later,  at  approximately  9 : A 5 AM,  the  30th  car 
in  the  train  ruptured.  This  car  had  been  lying  in  a generally  north-south 
position.  The  north  end  of  the  car,  which  included  about  one  half  of  vhe 
tank,  was  propelled  along  the  ground  in  a northeasterly  direction  for  about 
600  feet.  This  portion  of  the  tank  passed  through  and  completely  destroyed 
two  buildings  and  came  to  rest  within  a third.  The  other  end  of  the  tank 
stayed  in  the  vicinity  of  the  general  derailment  site. 

Ac  about  10:55  AH,  the  32nd  car  in  the  train  and  the  following  car 
rupcured  almost  simultaneously.  One  of  them  uplit  longitudinally  and  did  not 
separate  into  hurtling  pieces.  The  west  end  of  the  other  was  hurled  westward 
where  it  struck  and  punctured  the  head  of  the  34th  car.  Propane  released 
from  the  puncture  ignited  ir.  mediately.  The  ocher  end  of  the  33rd  car  was 
hurled  through  the  air.  Ic  struck  the  34th  car,  ricocheted,  and  then  struck 
the  protective  housing  of  the  35th  car.  The  housing  and  valves  of  the  35ch 
car  broke  off,  permitting  still  more  propane  to  escape  and  ignite.  Fires 
continued  Co  burn  at  th ' punctured  car-,  for  a total  cf  56  hours. 

In  all,  16  business  establishments  were  destroyed  and  scon  were 
damaged.  Twenty-five  residences  were  destroyed  and  a nunber  of  others  were 
damaged  extensively.  Total  injury  and  property  damage  costs  amounted  to 
approximately  two  million  dollars.  Sixty-six  persons  were  injured;  there  were 
no  deaths . 


The  key  damage  mechanism  in  tills  accident  was  the  rocketing  of 
burning  tank  cars  which  spread  missive  missiles  3f  steel  and  new  fireballs 
up  to  850  feet  from  the  derailment  site.  This  is  a characteristic  result  of 
all  accidents  wherein  pressure  vessels  are  exposed  to  massive  fires,  and  it 
should  be  included  in  ail  disaster  scenario.;,  jh<“  following  man  shows  the 
paths  of  the  major  tank  fragments  In  this  accident. 


Source:  National  Transportal  ion  Safety  Hoard  !!.  ' 1 road  Accident  Report  , 

"Derailment  of  Toledo,  Peoria  and  Western  Hail  road  Company's  Train 
20  with  Resultant  Fire  and  Tank  Car  Ruptures,  Crescent  City, 
Illinois,  lime  21,  19/0".  NTSH-KAK- 72  - 2 . 
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F.  10  I-PC  TANK  CAR  EXPLOSIONS 

LAUREL,  MISSISSIPI  - 25  January  1969 


Ac  4-15  AM  on  25  January  1969,  a crain  carrying  15  tanf  cars  of 
1 ique f led  petroleum  gas  (primarily  propane)  derailed  in  the  rrddd'e  of  Che 
cown  of  Laurel,  Mississippi.  The  derailment  was  followed  by  an  immediate, 
violent  fire  and  explosion;  and  ocher  explosions  followed  at  intervals  for 
Che  next  40  mrutes  as  the  fire  caused  one  tank,  car  after  another  to  over- 
pressure and  burst. 

The  initial  fireball  immediately  set  fire  to  buildings  200  to  400 
feet  away,  primarily  residences,  between  the  wreck  and  Meridian  Avenue  (see 
map)  and  to  industrial  buildings  about  200  feet  away  cm  the  opposite  side 
of  the  tracks.  Smaller,  spot  fires  were  set  bv  burning  fragments  up  to  about 
10  city  blocxs  awav . 


Ttie  concussion  from  the  explosions  caused  structural  damage  to 
both  private  and  industrial  buildings  within  about  4C0  feet.  broken  windows 
were  reported  as  far  as  three  miles  west  of  Laurel,  but  the  majority  of  the 
broken  glass  was  in  the  downtown  area  about  8 blocks  away.  One  witness  put 


it,  "Very  little  glass  survived 


Co  d it. i i.cj 


ve  re 


claims  were  filed  - and  paid  - from  up  to  five  - i 1 e s away;  but  the 
distributed  in  scattered  bunches  and  not  generally  distributed.  Cracked  and 
broken  plumbing  was  widespread  in  the  concussion  area;  but  such  damage  was 
thought  co  be  a special  case  due  to  the-  prevalence  of  light-construction, 
frame  buildings,  s imp ! e-cons t rue t i or.  foundations  and  nneoapaoted  soil  which 
had  already  seen  some  creep  and  shifting  due  to  heavy  rains. 


Tue  major  damage  mechanism  was  impact  and  fire  from 
car  fragments  and  burning  propane.  bn i Id ing  and  automobiles 
vicinity  were  destroyed  by  direct  flames  or  by  boat  radiation 
darts  of  t.'ie  tank  cars  which  were  hurled  through  the  area  set 
as  far  as  i oG0  feet  a'way  as  Wail  as  ml  licting  1 ~ a o L damage, 
of  i'JTX  car  24]  (see  rap;  was  propel  led  through  the  air  in  a 
direct  ie.i , s t r i p.  j n,  g the  gr  o awl  t a re  e tir.es  he ! o.  u it  c ■ ; m.e  to 


rocketing  tank 
:n  the  immediate 
f ram.  the  f i rebel  1 s . 
fire  to  build i ngs 
p\  3 7- foot  sect  ion 
son; boas  ter  ly 
rest.  It  struck 
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the  ground  first  about  1,000  feet  from  the  wreck.  After  the  first  bounce, 
it  carried  another  300  feet  over  some  residences  without  striking  them; 
bounced  again  for  200  feet,  and  again  for  100  feet,  coming  to  rest  atop  a 
dwelling  1,600  feet  from  the  wreck  center.  The  resulting  fire  where  the 
tank  came  to  rest  destroyed  three  houses.  A 37-foot  section  of  POTX  car  269 
was  propelled  through  the  air  in  a northwesterly  direction  striking  the  peak 
of  the  roof  of  a mill  800  feet  from  the  track.  This  section  then  struck  in 
the  parking  area  and  bounced  end  over  end  successively  100  feet,  200  feet  and 
50  feet  before  coning  to  rest  in  a reversed  position  on  the  rear  of  a dwelling 
1,100  feet  from,  the  wreck.  Other  fragments  took  other  trajectories , as  shown 
on  the  map. 

In  all,  some  2930  buildings  Suffered  damage.  Fifty  four  residences 
were  destroyed,  mostly  oy  fire.  A large  transfer  and  storage  company  ware- 
house about  200  feet  away  and  its  contents  were  almost  totally  descroved  by 
fire,  and  a wash-and-dry  laundry  was  totally  destroyed.  The  structures  of 
four  ether  industries  and  businesses  were  heavily  damaged:  a hardboard 

fabricating  plant  and  the  Mississippi  i’ower  Company,  west  of  the  tracks;  a 
machine  shop  and  a wholesale  grocer,  east  of  the  cracks  (see  map).  Six  public 
schools  and  five  churches  were  damaged,  all  in  the  downtown  area.  Total 
property  damage  settlements  amounted  to  56,615,195. 

Two  fatalities  resulted  ; ror.:  the  wreck.  A 65-year  old  minister  died 
as  a result  of  burns,  and  a 17-vear  old  girl  died  about  a month  after  the  wreck. 
There  were  976  other  personal  injuries,  most  cf  them  burns  and  cuts  from  flying 
glass.  Seventeen  persons  '..ere  hospitalized  for  more  than  a month. 

The  large  number  of  personal  injuries  was  the  result  of  another 
special  case  waich  is  instructive  in  itself.  At  the  sound  of  the  first  ey.nlosion, 
people  oou red  <n;c  into  the  streets  instead  o:  seek i no  shelter;  an:  the  streets 

were  filled  with  people  when  the  second  explosion  and  fireball  occurred.  They 
were  e'en  trapped  between  the  fire  and  the  many  fences  that  paralleled  the  tracks 


306 


and  could  not  gee  back  to  shelter.  There  were  many  purely  panic  injuries 
as  people  were  trampled  in  the  rush  and  injured  attempting  to  scale  the 
fences.  They  were  of  course  only  200  to  400  feet  from  the  towering  fireballs, 
and  many  burn  injuries  occurred. 

There  was  still  another  unusual  aspect  to  this  accident.  A National 
Guard  explosive  ordnance  team  punched  holes  in  two  unruptured  tank  cars,  using 
shaped  demolition  charges,  to  prevent  them  from  exploding.  The  wisdom  of 
such  action  is  still  controversial,  but  in  this  case  it  worked.  The  gas 
ignited  immediately  with  a sound  described  as  "like  a iet  plane  taking  off", 
and  about  two  hours  later  the  area  was  declared  safe  for  the  peonle  to  return. 


Sources : 

1.  Private  communication,  Mr.  W.  L.  Millwood  and  his  staff  at  Southern 
Railway  System,  Washington,  DC. 

2.  National  Transportation  Safety  Board  Railroad  Accident  Report, 
"Southern  Railway  Company  Train  154  Derailment  ■.'ith  Fire  and 
Explosion,  Laurel,  Mississippi,  January  25,  1969".  October  6,  1969. 
(No  NTSB  number  assigned) 
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’Ml  VINYL  CHLORIDE  MONOMER  TANK  CAR  EXPLOSIONS 
HOUSTON,  TEXAS  - 19  October  1971 

At  1:44  PM  on  19  October  1971,  20  freight  cars  were  derailed  at 
l Mykawa  Station,  approximately  2 miles  inside  the  southern  city  limits  of 

| Houston  and  10  miles  south  of  the  city  center.  Six  of  the  cars  contained 

i flammable  vinyl  chloride  monomer,  a liquefied  gas  under  a pressure  of 

j approximately  40  psi  at  the  existing  temperature;  and  two  others  contained 

butadiene  (also  a fi.mmable,  compressed  gas)  and  acetone.  The  cars  jackknifed 
j in  the  derailment,  and  two  vinyl  cnloride  cars  were  punctured. 

! 

! There  was  an  explosion  and  a billowing  fire  before  the  wrecked 

I cars  had  ceased  to  move.  The  two  punctured  cars  came  to  rest  in  the  burning 

■ area,  and  the  fire  enveloped  large  areas  of  the  tank  cars.  The  heat  increased 

Che  internal  pressure  until  at  approximately  2:30  PM  a violent  rupture  and 
massive  energy  release  occurred  when  the  tank  of  one  car  suddenly  failed.  The 
sudden  release  of  approximately  100,000  pounds  of  vinyl  chloride  monomer 
produced  a large  fireball  and  rocketing  tank  fragments.  Residual  vinyl  chloride 
in  the  ether  tank  car  ignited  inside  the  car  at  that  point;  and  the  car 
rocketed  in  one  piece  to  a point  approximately  300  feet  away,  spewing  burning, 
liquefied  vinyl  chloride  from  its  punctures.  The  acetone  car,  which  had  been 
struck  and  damaged  by  the  rocketing  car,  caught  fire;  and  a house  and  several 
vehicles  were  ignited  by  the  stream  of  burning  vinyl  chloride.  The  secondary 
fires  burned  for  approximately  five  hours  before  the  last  one  was  extinguished. 

Other  than  the  train  and  railroad  roadbed,  damage  was  very  light. 

A nearby  residence,  a fire  truck,  an  automobile  and  a railroad  motor  truck 
were  destioyed.  by  fire;  and  several  buildings  in  the  area  incurreJ  such 
damages  as  paint  blisters  or  broker,  windows.  Fortunately,  the  area  was  very 
sparsely  built  and  populated. 

fine  fireman  was  killed;  and  50  people,  most  of  them,  firemen,  were 
injured.  he  i r approximate  locations  are  plotted  or.  the  map.  Twenty  of  the 
injured  were  hospital ized , mostly  for  burns.  An  autopsy  was  not  performed  on 
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Che  fireman  who  was  killed,  buC  he  had  suffered  severe  head  injuries  as 
well  as  burns.  Most  of  the  injuries  appear  to  have  been  burns  from  fireball 
radiation,  an  observation  that  is  consistent  with  the  firefighters'  rule  of 
thumb  that  firemen  have  succumbed  to  radiation  bums  incurred  when  they  were 
as  far  away  as  250  feet  from  very  large  fireballs. 

The  following  map  shows  the  location  of  the  burning  tank  cars,  the 
injured  persons  and  the  approximate  outline  of  the  area  which  contained  scorch 
marks  and  debris- 

Source:  National  Transportation  Safety  Board  Railroad  Accident  Report, 

"Derailment  of  Missouri  Pacific  Railroad  Company’s  Train  94  at 
Houston,  Texas,  October  19,  1971".  N'TSB-RAR-72-6 . 
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EQUIPMENT  AT  2:30  P.M  . OCT  19.  1971 


F.  12  PROPYLENE  TANK  TRUCK  EXPLOSION 

NEW  JERSEY  TURNPIKE  - 21  September  1972 

Ac  S : 2 5 PM  on  21  September  1972,  a tracCor-semi crai ler  (tank) 
carrying  propylene  liquid  petroleum  gas  sideswiped  a Greyhound  bus  (carrying 
no  passengers)  in  the  southbound  lanes  of  the  New  Jersey  Turnpike  about  one 
mile  south  of  Exit  8.  Fire,  caused  by  friction  sparks  when  the  traccor- 
trailor  scraped  the  median  guardrail,  ignited  fuel  escaoing  from  the  tractor's 
left-side  fuel  tank  and  spread  to  propylene  which  was  leaking  from  the  cargo 
tank's  damaged  plumbing,  enveloping  a large  part  of  the  cargo  tank  in  flame. 

About  20  or  25  minutes  after  the  crash,  the  cargo  tank  exploded  in 
a huge  ball  of  fire  which  inflicted  burns  and  other  injuries  to  28  persons, 
including  7 police  officers  and  at  least  one  bystander  who  was  600  feet  south 
of  the  explosion.  None  of  these  injuries  was  serious.  Two  neople  trapped 
in  an  automobile  wedged  between  the  tank  truck  and  the  guardrail  were  killed, 
but  it  is  not  clear  whether  thev  wore  alive  at  the  time  of  the  explosion. 

Their  bodies  were  extensively  charred.  A water-tank  fire  truck  packed  about 
100  to  150  yards  south  of  the  explosion  suffered  scorched  paint  and  warned 
plastic  light  components;  an  occupant  said  that  a flaming  mass  cn:.e  directly 
over  the  vehicle.  At  the  time  of  the  explosion,  there  were  about  200  onlookers 
dispersed  along  the  east  and  west  prenertv  lines  at  distances  ranging  from 
150  to  i000  feet.  The  locations  of  all  23  injured  nersons  could  not  be 
established,  but  the  known  positions  of  eight  of  them  are  shown  on  the  mm 
foil ow i n g . 


Pieces  of  the  exploded  tank  shell  rocketed.  The  front  section, 
about  27  feet  long  or  three-quarters  t he  length  of  the  tank  was  found  1,307 
feet  northeast  of  the  explosion  point  and  902  feet  east  of  the  hichvay  center. 
Tiie  rear  head  was  5-9  feet  southwest,  and  the  rear  cne-oaarter  of  the 
cylindrical  section  was  2.19  feet  southwest  of  Lk.o  explosion  print,  fit  her 
tank  components  were  found  at  various  points  along  an  850-foot  line  generally 
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southeast  of  the  explosion  point,  farts  of  the  trailer  susoension  and  the 
two  axles,  with  the  tires  burned  off,  were  found  along  the  eastern  embankment 
of  the  turnpike.  When  first  seen,  the  axles  and  wheels  were  glowing. 

There  was  no  air  blast;  the  explosion  was  that  of  the  bursting 
tank  shell.  Most  of  the  fireball  was  produced  when  the  expelled  vapor  burned 
in  air  after  rupture  of  the  tank.  The  tank  had  originally  contained  7,209 
gallons  of  propylene. 


Source:  National  Transportation  Safety  Board  Highway  Accident  R’porc, 

"Multiple-Vehicle  Collision  Followed  by  Propylene  Cargo-Tank 
Explosion,  New  Jersey  Turnpike,  Exit  8,  September  21,  1972". 
NTSB-HAR-73-4. 
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p.13  PROPANK  CLOUD  FIREBALL 

LYNCHBURG,  VIRGINIA  - 9 March  1972 

Ac  2:30  PM  on  9 March  1972,  a tractor-semitrailer  tank  truck 
carrying  9,208  gallons  (38,854  pounds)  of  LPG  (mostly  propane)  overturned 
and  was  punctured.  As  the  truck  fell  onto  its  rignt  side,  a 32-inch  hole 
was  torn  in  the  LPG  cank;  and  liquid  LPG  poured  out  and  began  to  vaporize. 

It  is  estimated  that  approximately  4000  gallons  of  liquid  were  discharged 
before  the  level  dropped  below  the  opening  and  the  flow  of  liquid  stopped. 

As  the  propane  escaped,  a visible  vapor  cloud  containing  a mixture 
of  propane  and  air  immediately  began  to  form  at  the  trailer  and  spread 
rapidly  throughout  the  area.  At  the  site,  an  embankment  east  of  the  highway 
rose  steeply,  while  an  embankment  west  of  the  highway  consisted  of  a steep 
dropoff.  A house  and  some  outbuildings  were  located  200  feet  west  of  and 
about  60  feet  below  the  accident  sice.  A fringe  of  trees  and  underbrush 
jutted  above  the  level  of  the  road. 


The  driver  climbed  ouC  of  the  truck,  attempted  to  wave  oncoming 
motorists  away  and  then  began  to  run  downhill  away  from  the  truck  and  the 
expanding  cloud.  When  he  had  run  apnroximate 1 y 270  feet,  the  vaoor  cloud, 
which  had  continued  to  expand,  ignited  into  a fireball  with  an  estimated 
radius  of  at  least  400  feet,  enveloping  him  and  killing  him.  Three  witnesses 
standing  beside  their  auconobiles  approximately  450  feet  away  were  scverly 
burned  by  radiation  but  were  not  touche,!  by  the  flames.  The  occupants  of 
the  house,  hearing  the  crash  and  seeing  the  cloud,  fled  from  the  house  and 
were  about  420  feet  from  the  truck  when  the  cloud  ignited.  They  were  severly 
burned,  and  one  later  died;  it  is  not  clear  whet  lie r they  were  Just  inside  or 
Just  outside  the  fireball.  The  house,  200  feet  fro-  the  wrack,  was  enveloped 
In  the  flames  and  destroyed. 


There  appears  to  have  been  no  blast, 
to  the  north  (uphill,  around  a curve  and  cat  of 
a muffled  roar  and  saw  an  orange-rod  fireball. 


■>  no ' a lists  b00  feet  or  so 
she  line  of  sight)  heard  only 
concussion  '..'ns  felt,  and 
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they  ware  not  injured.  The  actual  fireball  appears  to  have  been  approximately 
400  feet  in  radius  (that  is,  in  the  downhill  direction;  it  is  not  thought  to 
have  been  symmetrical);  and  there  was  incendiary  radiation  beyond  chat.  Five 
people  slightly  more  than  400  feet  from  the  wreck  site  were  severely  burned, 
and  an  ensuing  conflagration  destroyed  che  house  and  outbuilding  and  12  acres 
of  woodland. 

No  mention  is  made  of  wind  or  weather  In  the  report,  and  that  would 
seem  to  indicate  the  absence  of  any  high  winds  or  of  rain. 


Source:  National  Safety  Transportation  Board  Highway  Accident  Report, 

"Propane  Tractor-Semitrailer  Overturn  and  Kire,  U.S.  Route  501, 
Lynchburg,  Virginia,  March  9,  1972".  NTS;;-HAR-73-3. 
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NATURAL  GAS  LIQUIDS  VAPOR  CLOUD  FIRE 
AUSTIN.  TEXAS  - 22  February  1973 
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Ac  LO : 5 3 PM  on  22  February  1973,  a 10-inch  pipeline  carrying 
natural  gas  liquids  (NGL)  ac  a pressure  of  525  psig  failed  ac  Che  Austin 
pump  station,  releasing  a total  of  6,6a0  barrels  (278,880  gallons)  of  NGL. 

The  NGL  blew  a 10-foot  diameter  hole  in  Che  ground,  sprayed  into  the  air, 
flowed  into  ditches  on  both  sides  of  a road  adin~er.t  to  the  station,  and 
formed  a white,  fog-like  vapor  which  enveloped  the  area. 

Shortly  after  11  PM,  two  cars  traveling  easebound  entered  the 
vapor-rich  zone  and  stalled.  Botli  drivers  got  out  of  their  cars,  heard  the 
roar  of  the  escaping  NGL,  and  smelled  what  they  thought  to  be  natural  gas. 
Neither  driver  attempted  to  restart  his  car.  3c civ  ran  eastward  along  the 
road  through,  die  two-foot-deep  NGL  vapor.  Shortly  after  the  two  cars  stalled, 
a Dodge  van  carrying  six  adults  and  two  small  children  entered  the  vanor-rich 
zone  and  also  stalled.  The  passengers  got  out  and  started  to  walk  eastward 
toward  the  two  other  stalled  vehicles,  and  the  driver  attemoted  to  restart 
l.is  engine. 


A large  snark  emerged  from  underneath  die  van,  and  flames  leaped 
hundreds  of  feet  into  the  air.  The  fire  burned  2,  '.00  feet  east  from  die 
stalled  vehicle,  over  and  along  both  sides  ■>:  trie  ’•naJ,  and  back  to  die  ripe 
rupture.  The  night  persons  still  in  the  vupcr-rioh  zon-'  and  die  three  vehicles 
were  completely  engulfed  by  flames. 

Four  o • die  occupants  of  die  van  died  immediately . "he  four  other 
occupants  were  hospitalized;  two  of  the!  .subsequent  ly  died,  and  die  other  two 
suffered  severe  burns.  The  van  and  the  two  sidle-’  automobiles  were  completely 
destroyed  by  the  fire,  and.  the  p,/.vr  and  ..i.; . at  i uis  lines  . n die  pales 

next  to  the  road  were  melted.  The  asphaltic  pavement  .-f  die  read  had  beer, 
charred;  fenceposts  and  pustule  on  both  sides  of  tiie  road  were  burned  black 
in  a 2,400-foot  long  line. 

\ 

I 
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There  was  no  blase.  Two  police  officers  in  a radio  patrol  car 
saw  the  fire  ignite,  but  they  neither  heard  any  explosion  nor  felt  any 
shock  wave. 

The  weather  at  the  time  of  the  pipe  failure  was  cloudy,  and  a light 
wind  was  blowing  from  the  southeast  at  6 mph.  The  temperature  was  44°F,  and 
the  humidity  was  86  percent.  By  11:30,  the  wind  velocity  had  dropned  to  zero. 

NGL  is  a member  of  the  liquefied  petroleum  gas  family.  It  is  liquid 
stripped  out  of  natural  gas  by  pressure  condensation,  and  contains  about  85% 
butane  and  lighter,  predominately  propane.  It  is  liquid  only  under  greater 
than  atmospheric  pressure  (or  refrigeration).  When  released  to  the  atmosphere 
at  normal  temperatures,  it  will  vaporize,  cool  the  surrounding  air,  and  cause 
any  moisture  contained  therein  to  appear  as  a white  fog. 


Source:  National  Transportation  Safety  Board  Pipeline  Accident  Report. 

"Phillips  Pipe  Line  Company  Natural  Gas  Liquids  Fire,  Austin, 
Texas,  February  22,  1973".*  NTSB-PAR-73-4 . 
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APPENDIX  G 


ADJUSTMENTS  TO  PREVENT  DOUBLE  COUNTING 


Provisions  have  been  made  in  the  VM  to  prevent  double  counting  in 
three  different  situations.  Double  counting  is  used  in  this  context  to 
mean  the  inclusion  of  an  element  of  some  vulnerable  resource  (e.g.  a 
person  or  a building)  in  more  than  one  category  of  damage  or  injury. 

Three  situations  arise  in  which  double  counting  will  occur  unless  pro- 
visions are  made  to  prevent  it.  The  situations  are: 

(1)  A single  damage  mechanism  from  one  event  simultaneously  causes 
injuries  of  differing  severity  (e.g.  inhalation  of  toxic  gas  may 
cause  death,  non-lethal  injury,  or  irritation). 

(2)  Two  or  more  damage  mechanisms  from  one  event  simultaneously 
cause  injuries  of  the  same  severity  (e.g.  an  explosion  can 
kill  people  eithet  by  direct  blast  effects  or  by  impact). 

(3)  Different  events  at  different  times  both  cause  damage  to  the 
same  resource,  and  the  first  event  so  severely  damages  some 
portion  of  the  resource  that  further  damage  is  irrelevant 
(e.g.  persons  killed  by  toxic  gas  cannot  be  further  Injured 
by  a subsequent  explosion). 

The  problem  of  double  counting  encountered  in  situation  (1)  arises 
from  the  way  the  probit  equations,  described  above,  are  obtained.  A 
probit  equation  assesses  the  fraction  of  the  vulnerable  resource  in  a 
given  category  of  damage  or  injury  without  regard  to  other  categories 
of  damage.  For  events  that  cause  an  escalating  sequence  of  damage 
categories,  the  results  of  the  unmodified  probit  equations  are  mis- 
leading, because  that  portion  of  the  subject  resource  in  a given  damage 
category  is  also  counted  in  all  more  serious  damage  categories.  As  an 
example,  consider  the  case  of  a toxic  vapor:  those  people  counted  as 
irritated  include  those  people  with  non-lethal  injuries  and  those 
killed  by  the  vapors,  since  the  threshold  for  irritation  is  lower  than 
the  threshold  for  Injury  or  death;  i.e.  to  be  injured  or  killed,  one  has 
to  have  passed  through  the  stage  of  irritation. 

An  unattractive  feature  of  using  the  unmodified  results  of  the 
probit  equations  is  that  the  sum  of  the  percent  iges  of  resource  in  the 
various  damage  categories  may  exceed  100X. 

To  correct  for  this  type  of  double  counting,  the  fraction  of  the 
total  resource  in  a given  damage  category  is  reduced  by  the  sum  of 
the  fractions  of  total  resource  in  all  damage  categories  more  serious 
than  the  given  category;  of  course,  the  adjusted  fraction  must  not 
fall  below  zero.  To  state  this  in  mathematical  terms  let, 

* the  probit  equation  for  damage  category  i,  where  the  damage 
becomes  more  serious  as  i increases 

and  F(P^)  *>  the  fraction  of  the  total  resource  calculated  to  be  in 
category  i from  the  probit  equation,  Pj 
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then  F1  (P^  ) 


(G-l) 


where  F* (P±) 


M 


M 

F (P!)  - I F*  <P1 ) 
j-i+1  J 

the  adjusted  value  for  the  fraction  of  the  total  resource 

in  category  i (a  single  prime(')  indicates  adjustment 

for  category  (1)  situations);  if  F'(P^)<  0,  then  set  F’(P^)-0. 

the  total  number  of  damage  categories. 


As  an  example  consider  the  following  case  where  the  concentration 
history  resulted  in  4%  of  the  population  of  a given  cell  dying: 


Type  of 
Injury 


Initial  Adjusted 

Percent  Percent 


Lethal 
Non-lethal 
Irritat ion 


4 4 

12  12-4-8 

100  100  - (4+8)  = 88 


In  the  first  column  is  the  percentage  affected  when  more  serious  effects 
are  included  at  each  level,  while  the  more  easily  Interpreted  figures 
are  in  the  final  column.  Using  the  initial  figures,  one  might  conclude 
that  116%  of  the  population  was  affected.  This  type  of  correction  pro- 
cedure is  applied  to  injuries  from  direct  blast  effects: 

F' (E3)  - F(E3)  - F(E1)  (C-2a) 

to  injuries  from  impact: 

F'  (E4)  = F(E4)  - (F(E2)  (G-2b) 

to  glass  breakage: 

F' (S2 ) - F(S2)  - F (SI)  (G-2c ) 

and  to  sublethal  toxic  effects: 

F' (T2 ) = F(T2)  - F(T1)  (C-2d) 

F'(T3)  = F(T3)  -(F(T1)  +F’(T2))  (G-2e) 

The  problem  of  double  counting  encountered  in  the  situations  (2) 
arises  because  the  probit  equations  assess  injury  without  regard  to 
other  injuries  occurring  simultaneously  from  different  causes.  Thus  some 
fraction  of  the  vulnerable  resource  may  be  subject  to  two  or  more 
causes  of  damage.  This  may  be  visualized  by  means  of  a diagram 
in  which  geometrical  area  represents  resources  in  a particular  state. 

By  allowing  overlap,  the  effects  of  multiple  mechanisms  may  be  considered. 
These  diagrams,  known  as  Venn  diagrams,  are  shown  in  Figure  6-1  for  the 
cases  of  two  and  three  competing  mechanisms.  For  two  damage  mechanisms, 
Figure  6-la  shows  that  the  resource  is  partitioned  into  four  categories. 
For  three  mechanisms,  figure  6-lb  shows  that  eight  categories  result. 

In  general,  for  n competing  simultaneous  mechanisms,  2n  categories  will 
result . 
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A Venn  diagram  for  three  simultaneous  injury  mechanisms; 
the  eight  resulting  categories  of  injury  are: 


(1)  injury  A only 

(2)  injury  B only 

(3)  injury  C only 

(4)  injury  A and  B 

(5)  injury  A and  C 

(6)  injury  B and  C 

(7)  injury  A,  B,  and  C 

(8)  no  injury  of  any  type 
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Since  the  probit  equations  give  the  fraction  of  the  vulnerable 
resource  in  any  independent  damage  category,  the  fraction  of  the  vulner- 
able resource  in  chose  categories  arising  from  the  simultaneous  occurrence 
of  damages  may  be  calculated  using  Che  techniques  of  mathematical 
probability [G1 ] (particularly  the  complementation  rule  and  the  multi- 
plication rule). 

To  illustrate  these  techniques  consider  the  following  example. 

Two  injury  mechanisms,  A and  B,  occur  simultaneously.  Let 

F(A)  = fraction  of  vulnerable  resources  injured  by  mechanism  A. 

F(B)  = fraction  of  vulnerable  resources  injured  by  mechanism  B. 


Then  by  the  complementation  rule  the  fraction  not  injured  by  mechanism 
A is  given  by  the  quantity  l-F(A)  and  the  fraction  not  injured  by 
mechanism  B,  is  given  by  the  quantity  l-F(B). 

By  use  of  these  results  and  the  multiplication  rule  the  fraction 
of  vulnerable  resource  in  each  of  the  four  categories  of  injury  may 
then  be  calculated;  thus: 


fraction  injured  by  A only 
fraction  injured  by  B only 
fraction  injured  by  both  A and  B 
fraction  uninjured 


F (A)  [l-F(B)) 

F (B)  [ 1-F (A) ] 

F (A)  F(B) 
l 1-F (A) ] L 1— F (B) ] 


This  procedure  is  illustrated  by  a ''pecific  numerical  example  shown 
in  Figure  6-2. 

At  the  present  time  the  VM  only  treats  explosions  as  causing 
damage  by  several  simultaneous  damage  mechanisms.  Death  may  be 
caused  by  either  direct  blast  or  by  impact  effects.  Non-lethal 
injuries  may  be  caused  by  direct  blast,  by  impact,  or  by  fragments. 


In  the  case  of  deaths  it  is  not  of  particular  relevance  that 
part  of  the  population  killed  may  have  received  two  types  of  injury 
each  sufficient  alone  to  cause  lethality.  For  this  reason  a separate 
category  of  deaths  by  multiple  cause  was  not  established  for  reporting 
out  the  results  of  Phase  II.  Instead  the  fraction  of  deaths  from 
multiple  cause  was  added  to  the  fraction  of  deaths  from  each  cause 
alone  in  proportion  to  the  deaths  caused  by  each  effect  alone.  That 
is, the  fraction  of  deaths  due  to  multiple  causes  is  given  by 

F(EM)  = F (El ) F(E2 ) 


[Gl]  Kreyszlg,  E.  Advanced  Engineering  Mathematics.  John  Wiley  and 
Sons,  Inc.,  N.Y.,  1967.  Section  18,5. 
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Mechanism  A 


fraction  injured 
0.  AO 


e 


CO 


fraction  uninjured 


0.60 
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•H  0>  o 
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fraction  uninjured  by 
either  A or  B 

fraction  injured 
by  A only 

0.48 

0.32 

fraction  injured  by 
B only 

fraction  injured 
by  both  A and  B 

0.12 

0.08 

I 


In  this  example  it  is  assumed  that  two  mechanisms  simultaneously  cause 
damage  to  a resource  or  population.  Let  F(A)  ■ 0.40  and  F(B)  = 0.20. 

Let  the  entire  area  of  the  square  above  represent  the  number  of  elements 
of  the  vulnerable  resource. 

If  two  adjoining  sides  of  the  square  are  segmented  proportional  to  the 
fraction  of  vulnerable  resource  injured  respectively  by  the  two 
mechanisms,  then  the  areas  of  the  regions  formed  within  the  square 
are  proportional  to  the  fraction  of  the  resource  in  each  of  the  four 
damage  categories  shown. 


FIGURE  G-2 

DAMAGE  APPORTIONMENT  DIAGRAM 
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where 


F(EM)  ■ fraction  of  deaths  due  to  multiple  causes 

F(E1)  * fraction  of  deaths  caused  by  direct  blast  effects 

F(E2)  = fraction  of  deaths  caused  by  impact. 

The  fraction  of  deaths  due  solely  to  one  cause  is  giver,  by 

F(EB)  - F(E1)  ( 1-F(E2 ) ) (G-3a) 

F(EI)  = F(22)  (l-F(El)]  (G-3b) 

where 

F(EB)  * fraction  of  deaths  due  solely  to  direct  blast 

F(EI)  * fraction  of  deaths  due  solely  to  impact. 

Now  the  fraction  of  deaths  due  to  multiple  causes,  F(F.M),  is  added  to  the 
deaths  due  to  each  cause  alone  in  proportion  to  their  relative  magnitude; 
i.e. 

F"(E1)  ■ F(EB>  * F(EM)  [,F(EB)(^(E1)|]  «-*■> 

and 

F"(E2)  - F(E1)  + F(EM)  [ifgtSgij]  (G-4b) 

where  F"(E1)  and  F"(E2)  are  taken  to  he  the  adjusted  fractional  values  for 
deaths  from  direct  blast  and  impact  respectively. 

In  the  case  of  injury  from  explosions  the  fact  that  part  of  the 
population  is  wounded  by  several  mechanisms  is  considered  important. 
Therefore,  the  fraction  of  the  population  in  this  category  is  determined 
and  reported  out  in  Phas"  II  of  the  VM;  however,  no  distinction  is  made 
between  the  different  categories  of  multiple  injury  (there  are  four 
categories:  (1)  direct  blast  and  impact,  (2)  direct  blast  and  fragments, 
(3)  impact  and  fragments,  (4)  direct  blast  and  impact  and  fragments). 

The  adjusted  fractional  values  for  various  types  of  explosion  injury 
are  calculated  using  the  techniques  of  mathematical  probability,  The 
adjusted  fractional  values  reported  out  by  the  VM  are  calculated  by 
the  following  formulas: 
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F"(E3)  = F’(E3)  [ 1-F(E4) ] 

( 1-F (E5)  ] 

(G-5a) 

F"(E4)  - F ' (E4)  ( 1-F(E3) ] 

( 1— F ( E5 ) ] 

(G-5b) 

F" (E5)  - F(E5)  [ 1-F(E3) ] 

[ 1-F(E4 ) ] 

(G-5c) 

F" (EM)  - F(E5)  F'(E4)  [1- 
+ F'(E3)  F’(E4) 

F (E3) ) + F(E5)  F'(E3)  [ 1-F(E4) J 
[ 1-F(E5)  ] + F(E5)  F'(E3)  F’(E4) 

(G-5d) 

where , 

F"(E3),  F"(E4) , F"(E5) , F"(EM)  = 

the  adjusted  values  for  fraction  of  deaths  due  to  direct 

blast  only,  impulse  only,  fragments  only,  and  multiple 

injury  respectively. 

and 

F'(E3),  F' (E4)  are  given  respectively  by  equations  (G-2a) , (G-2b). 

The  problem  of  double  counting  encountered  in  situation  (3)  arises 
because  the  probit  equations  for  a given  damage  mechanism  do  not  con- 
sider the  reduction  in  the  population  of  a vulnerable  resource  caused 
by  a prior  damage  mechamism.  In  situation  (3)  the  temporal  order  of 
the  damage  mechanism  affecting  a given  vulnerable  resource  is  crucial 
Figure  C-3  is  useful  for  visualizing  the  temporal  order  of  various 
damage  mechanisms.  As  ind'cated  in  figure  G-3  diffusion  of  toxic  gases 
may  be  followed  by  either  flash  fire  or  explosion;  either  of  these 
events  may  then  be  followed  by  pool  burning. 

The  VM  models  pool  burning  as  causing  no  damage  to  people;  there- 
fore, this  type  of  double  counting  may  arise  for  the  vulnerable  resource 
"people"  only  when  explosion  or  flash  fire  follow  a significant  toxic 
dose.  The  VM  models  toxicity  as  causing  no  damage  to  structures; 
therefore,  this  type  of  double  counting  may  arise  for  the  vulnerable 
resource  "structures"  only  when  pool  burning  follows  explosion  or  flash 
fire. 


A correct  assessment  of  damage  from  a sequence  of  events  requires 
the  double  counting  correction  for  situation  (3).  However,  the  degree 
of  threat  imposed  by  each  event  is  also  of  interest.  For  example,  even 
though  an  explosion  may  destroy  all  the  structures  in  a given  region, 
the  fact  that  a subsequent  pool  burning  would  also  destroy  these  struc- 
tures is  of  9ome  interest  to  the  users  of  the  VM . Therefore,  this  cor- 
rection is  not  made  as  each  damage-causing  event  is  simulated.  Instead 
the  uncorrectec  percent  damage  is  reported  out  by  the  VM.  Then  after 
the  simulation  is  complete,  a summary  damage  report  is  generated;  it  is 
for  the  summary  damage  report  that  this  correction  for  double  counting 
is  made. 


For  structures  the  correction  made  for  the  summary  is  given  by, 
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FIGURE  G-3.  Diagrammatic  representation  of  the  sequence  of 
events  chat  cart  threaten  vulnerable  resources. 


F"'(PB)  - F (PB)  • ( 1-G] 


(G-6a) 


where 

G - fF<FF) 
^F(Sl) 

and  where 


if  flash  fire 
if  explosion 


precedes  pool  burning 


(G-6b) 


F"' (PB)  ■ the  corrected  fractional  structural  damage 
for  pool  burning 

F(PB)  - the  original  fractional  structural  damage 
for  pool  burning 

F(FF)  - the  fractional  structural  damage  for  flash 
f ire 

F(S1)  » the  fractional  structural  damage  for  explosion 


For  people  the  correction  made  for  the  summary  is  given  by  the 


following: 
for  explosion: 

F"' (El)  - 

F"(E1) 

(l-F(Tl)) 

(G-7a) 

F"'(E2)  - 

F"(E2) 

[l-F(Tl) ) 

(G-7b) 

F" ' (E3)  - 

Fm(E3) 

(l-F(Tl)] 

(G-7c) 

F" ' (E4)  - 

F"(E4) 

(l-F(Tl)) 

(G-7d) 

F'"(E5)  - 

F" (E5) 

(l-F(Tl)] 

(G-7e) 

F'"  (EM)  » 

F" (EM) 

(l-F(Tl) ] 

(C— 7 f ) 

for  flash  fire: 

F" ' (FI)  = 

F (FI) 

[ l-F(Tl) ) 

(G-7h) 

where  the  triple-primed  variables  are  the  frational  damage  corrected 
for  the  summary  and  the  other  symbols  have  been  previously  defined. 
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